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(11J) Metallisation framework: 

A general examination of the m cttTTfrifio n process shows that, under some practical 
assumptions, there ait fhbteea ways to construa a metsffiratinn process. (M of the thirteen 
ways, six do not require plmartTatton after interconnect patterning and are qjnstdcjed piumls- 
ing for VLSI and beyond. Selective metal deposit^ 

six approaches. Etecmriess-plated Ni and Ptf may he nsed far via fiHiof and Qi tor intercm- 
nects. A barfed metal process, either using lift-off or deondess pitting, can provide a planar- 
bed surface after metaDfaatkn. 

William CL OlAam 
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Chapter 1 
Introduction 

i it m essential pi of modem ntiiiuckiiiurilra technology. It Is needed 
to deliver power and rigmli to the circuit, and is aleo needed to output toe processed sign* 
offthedrip. In addition, inmiconneetien dtom uiiunimlr rilm between devices aid subsys- 
tems if needed to perform the desired nnxtiona. for VLSI and beyond, the circuit complexity 
itqnfaci gmWlmi jinanr""-***, — — » Tihahte cate aw tor active devices 
[1] ( Hg.1.1 ) and improve toe drcait peTformance by reducing the time delay nom long wir- 
tag PJ. MnltDevd hitrrmr»^"" can alio sunpHfy the rooting procedure tor chip layout by 
providing more optima to toe designers. As a result, multilevel traercoonecdon is widely prac- 
tiaed today. In this research, several subjects in multilevel faaa rconn ec don technology are 
addressed, including thta film patterning, dielectric penalization and a general treatment of toe 
options to a rally phmarized mrt»T1rmrion process. 

The patterning of conductive films is among the moat <fifflcult chalknges far dry euJJng. 
Examples of such difficulties include low amsotropy. poor sdecttvity, reHabQky problema due 
K> corrosion and toe etchabOity problem of i*m-vc4afitoable elements associated with alumi- 
num etching. Additive patterning processes present a fundamentally different approach to thin 
nun definition. One of the most widely raed additive patterning method! b lift-off. However, 
the poor step coverage required by traditional Bft-off process la in conflict with toe require- 
meats of VLSI. In chapter 2. a Bft-off procesa using edge-detection (LOPED ) is tavestfgaied 
as an alternative titin-film patterning process for etching. This technique can be used with 
noiwjvertwnging res* profler ind with thin films that are conforauDy depodted. The appli- 
cations of the LOPED procesi in meullkatian end trench isolation show the potential in VLSI 
rod beyond* 

Current interconnection technology is lashed to two or three layers of metal films IMJ, 
with a few exceptions of four layers to bipcJar processes [51 The irsohition of tite first metal 
layer is usually between 3.0um to 4.0um ( pitch X and may be reduced to Ztym pitch in toe 



GATE ARRAY AREA OCCUPIED BY METALIZATION, 1984 




Figure LI Relative tret occupied by devices, i mero ewnecte ud pids In (tie unyi [1J. 
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ato*at3^fertl>ein*ftne«^^^ T* key ftahtog tew » to» wpow*, 
^nerited by eicfa process step. After the (Hekcnfcfflm Bid the meal fikn« 
op faoraDoa the surface. If i*plain«i^foeteetap«f!>fc«leid» 
^problems to the fonowtagdep 

bcaomoB^ofthettF* « sddTllon, foe me* fifao depo*e4 « to Ale^ to dMte* 
„ completely, resulting in wUud fflm ( or -stringers" ) along *» foot of the step. 
Chapter 3 eun»i>es one of lhei»^^ ^ 
etdrfi^ipiwtch is found tasd^ Tta*o(ie 
ooo-etcfaback (SOO/LTO) can sometimes ksd to acrereu^»giaphy» tod ^* asndwldi ftmcfnre 
C^TXVSOO)c«piovidets««d»sntfocete Tte msteri.1 pmpe^ 

ties of sevessl SOOs «m snHJied snd t proc« 

J * ITT it 

Sarfsce topography, when accumutod over severf bym. c« evetmrtlly Mmit flie te»- 
lution of optical Hthogrsphy. The resolution of a Bitagnply system wta ^ 
of wavelength X and t numerics! aperture HA. is I6t 

*2L 0) 

NJL 



where w is the minimum fcamrc fixe sod k is « empirical constant depending on the resist 
and processes. Tbt depth of focus for this system is 16* 

D p „ h (2) 

If equstlon (1) Is i« htt eqiintion C» » iepto 
to tenns of the resolution Bmh snd foe wavelength: 

Fat a 2.0pm pilch ( w « 1.0um ) with k » OJ and » 0,436pm, the depfo of focus is only 
1.8pm. A3.0pmpnch<w«l^mOwifothessm^ 

4.0pm. Most MOS processes generate sbout 05pm to l.Oum topogmphy on the substrate 
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surface before metal deposit ion ( from pdytfficon gate and die Isolation process.) The 
photoresist needs about OJum tolerance to assure food resolution, these two factors use up 
more man LOjun of the depth of locos, and leave rest than LOum tolerance fir the ZOum 
pitch and less than 3.0pm for me 3.0um pitch. Each metal layer will generates a surface 
topography of about OJum to 1.0um. As a result, current tonography technology is severely 
challenged at the lOum pitch for the second metal layer and at 3.0um pitch for the third layer. 
One way to avoid mis limitation is to develop a global pla n a rrr a tton process for metaluadoa 
In chapter 4 a general survey of the multilevel interconnection technology is given. Thirteen 
metallization proc e s se s, which include most practical cases reported in the literature, are dis- 
cussed Six of the processes do not require plsnarizatian and are proposed for future work as 
the base process for multilevel metallization. 
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P) MJ. Thomas. W.T. Cochran, AS. Harms, HP. Hey, G.W JSDs. CW. Lawrence, JJL Yen, 
- A 1.0 Micrometer CMOS Two Level Metal Technology Incorporating Plasma Enhanced 
TCOS," IEEE VLSI Multilevel Intercom. Cotfc 20(1987). 

(41 EM. Nagirib, C Jang, TJ. Kkmme, K. Wong. A. Rangappan, W.W. Yao, RX Folks, " 
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12 Micron CMOS Technology," IEEE VLSI Multilevel Intercom. Coif., 93(1987). 

[5] TA. Bartush, " A Four Level Wiring Process for S e mic on du ctor Chips," IEEE VLSI Mnl- 
ttlevel Intercom. Conf.. 41(1987). 

[6] LF. Thompson, MJ. Bowden, The Lithographic Process: The Physics.' Introduction to 
hiicrollthographj, ed. by MJ. Comstock, American Chemical Society, 1983. 
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Chapter! 

A Lift-Off Process Uring Edge-Detection ( LOPED ) 
2J Introduction 

-Traditional roetil patterning procenet we leverdy riallrqgffrt in the VLSI era. Dry etch- 
ing involves tndeofi of selectivity, etch me, nnifannity end mbotropy. Rntennore. the 
addition of copper In die aluminum alloy to inert ast the ekctramlgration resistanoe aggiivaies 
Ihe selectivity problem and can 1^ 

chlorine-based piasma chemistry. AdAthre tUn-ffim patterning is a~ ftmdainePtaH y Afferent 
approach that does not hive tbe abovc-mcntiooad problems, 

Examptei of additive patterning processes am selective depos it ion and lift-oft 
Selectively-deposited tungsten is being widely explored as an alternative to abmfamm U.2J. 
Tungsten has a higher resistivity (6-10 pO-cm ) than aluminum (2.7-3.0 >iO<an X bet can 
sustain a modi higher temperature ( above IttXTC ) ten Al ( lower than 600*C X Cbme- 
quenfly, BPSG reflow at 800* - 1000°C can be used for p ia mriutl oo after the meed deposi- 
tion. However, W does not adhere to oxide well and the Buoitoe-content from Ihe source gas 
(WFtf) may corrode the underlying sfficon substrate. The deposition also requbes special equip- 
ment and a rather campHcafcd process cycle. Despite more than 5 years of research and 
development, adective tungsten is not yet widdy sorted fior production. 

lift-off is another technique for patterning of thin-films ( Hg2*l X It has been occa- 
sionally used in medium- and large-scale integration technologies because of low-cost and 
simpBdtytJ-22J. The lift-off technique is capable of patterning any film deposited at a low 
temperature ( lower than tbe hardening temperature of tbe underlying medium ) and has 
infinite selectivity to the underlying substrate. Tbe prindpd limitation of the technology stems 
6om the fact that the directiond deposition required by the process is in conflict with step cov- 
erage requirements. In feet with certain assumptions Homma ahowed that traditiood lift-off 
techniques are limited to metal pitch larger than Z5pm [23]. Lift-off is practiced by few 




PHOTORESIST 
SUBSTRATE 



DEPOSITED FILM 



(b) 



(e) 

^J^£?7Zi?J?ZS 0» ** <fc8fatd «Wn filmUdeposted with poor 

!5 ^!? 8e - (c) * e , Hfl -° ff l»«w» »• compkttd by dissolving the UfUns medium tai i rt- 
vent The excess film is removed it the — - ^ * ;i: - :!!, ' i4 m 
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ln tins chapter, the Ito-^ process to more csreftuTy examined Tne pookas doe to 
toadequate process design are separated from the rurstomtntal Emits. A new edfe-dauHon 
netod to wed » extend in^^ 

te mnrffcttifa* to studied . AHtanom Id both metaOtoanon and trench toolatton are 
The mteractkm between fba0tt&m*m**^™ ********** 



12 Experimental Setup 

For mort experiment, p-type (100) Si wafers are used as the substrstte. U motet 
topography to needed. SI wafae ue patterned by i*otclithograpby and pJemfrtrtwl to a 
LAM AntoEtcfa 410 system. The etching condition! sod chmactertotics are summarized mFL. 
Pal's master report, ■ Trench Technology Using Low Temperature CVD Oxide aad Lift-OftV 
Qamwslere are used when inspection 

thicker ( around 2mm ) than normal silicon wafers ( around OJmm \ and most 
equipment in the lsboiatory cannot operate on the glass wafers. 

Bom Kodak820 and AZ1400-aerka resists bare been used as die patterning 
Abundant information on this resist his been coileded sod its performance to evsmated regu- 
larly. The thickness of this resist spun st 4600 tpm is around l.lum after 120*C bakmg. An 
Eston automatic wafer track coats this resist onto the wafers with a controlled accele n no n . 
spmning speed and spmning tmie. The walea are tnmsftmd » 

moving belt The temperature of the hot plate Is set at 12fTC and the baking time to usnally 

60 seconds. Another "cool plate" next to the hot plate can lower the substrate 

room temperature before loading to the receiving cassette. AZ140f>«ries resists are coated on 

a Headway manual spinner. The spmning speed and tmw are adjust 

to resist coating, me waier to ehh^ 

an oven at the same temperature for 15 mirartes. The thickness of the resist depends on the 
sends content and the spinning speed. Two most widely used resists are AZ1400-31 and 
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AZ1400-2L The former resist has a thickness uouod L6jnn for a 3000 ipm spinning qpeed. 
This thick resist is usually used when severe topograph? exists. The AZ1400-21 resist is about 
(X6-0.9nm thick afier costing and is used when aubmicrometer features are desired. 

A OCA 6200 stepper is used for exposure. TWs system is a g-Une ( X - 436 mn ) 10K 
stepper with a numerical aperture of 028. For moat applications, this system can resolve 
125pm lines and spices routinely. When higher reaohitioo is needed, an overexposure can 
push the resolution down to 0.8pm lines and yets. An exposure matrix is used to d etermin e 
the optimal exposure time and focus before each exp os ure Job. The glass wafers are too thick 
for the stepper and a Kasper contact primer is used to expose die wafers. Hie resist-coated 
sides of the wafers are in contact with the Or side of the mask. A Hg4amp then exposes the 
resist through die mask. 

Kodak820 resist is developed in the 932 1:1 developer from the KT1 Company. An Mil 
omnichuck spreads the developer over the wafer automatically* The process steps are pro* 
gnunmed through a terminal. The development time is usually set to 60 seconds, followed by 
a spin dry cycle. For the AZ resist or glass wafers, immersion development la used. AZ 
developer ( 1:1 diluted ) or AZ 351 developer ( diluted 5:1-AZ 351^0 ) can develop the AZ 
resist within 60 seconds. Hie wafers are usually blown-dry by a nitrogen gun after die . 
development 

A well-controlled resist e tc h is critical to die process described in die following aecttat 
The etching is also used in a descum step, which removes the resist residues to improve the 
critical dimension control. At the end of the lithography step, a good resist stripping process 
is also nee ded to result in a clean, residue-free surface. Several resist etching processes have 
been tested, and O2 plasma treatment seems to give the most consistent results for all these 
applications. A Technics plasma ft ching/flf position system is used for this purpose* TUa sys- 
tem can generate a 30 KHz plasma in the process chamber. As shown in Fig.2.2 die etch rate 
for a 300 mTorr O? plasma is linearly related to die power 
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0, PLASMA POTEB (Waits) 



Figure 22: Tte etch ntt of pbowicri* to Qj ptant. 
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o 051 x ( Power - 32) nm/min. (1) 

A 140-Watt plasma on remove 100 nm, or OLlpm, photoresist per minute. The unifixmity of 
(Ms etching is within +A 10% across the chamber: This process is used fir both the controlled 
etcfaback and descum step, lb strip the resist, a high power ( e^. 300 Watts ) Ox plasma can 
be used. Or more frequently, a piranha solution ( BjSQ* : « 6:1 ) or an acetone bath is 
used. Pitihna is a strong cm tell ring solution and attacks the Al films; ^—^qiffifly it la otfly 
used before the first metal layer. Acetone is an organic sdveqt that can remove photoresist A 
more detailed study of the a ce to ne/re si st Interaction will be given in section IS. V the pho- 
toresist is hardened, eg. by plasma etching or ion implantation, acetone cannoc remove die 
resist completely. Either Oj plasma stripping or a proprietary resist stripper is in need. Uk 
resist stripper PRS-1000 can remove most hardened photoresist unless the exposure tfane to a 
high power plasma exceeds 15 minutes. In that case, only the O3 plasma or tte piranha sota- 
ttoo can effectively remove the resist. 

Two sputtering systems are used to deposit AM%Si films. One is a cLc-plasma sputter- 
ing system fiom the Sputtering Hhn System Corp- TUs is a single-wafer deposition system 
with a 6-inch EMCA-6 target about 5cm from die wafer. A of 6 wafers can be 

loaded into the the chamber and sequentially rotated into the spattering position. The base 
pressure for this system is about 7KKT 7 Torr. The confoonality of the deposition is improved 
by a rotating m a gneti c field within the plasma. For a 1KW plasma, the deposition rate is about 
0?nm/mtn . The other system is an ax.-plasma sputtering system from the Qreuits Processing 
Apparatus, tac- As many as 9 wafers can be loaded onto a pallet at a time. About 20 pallets 
can be stored at the sending ststion and processed later. The deposited film Sickness is con- 
trolled by the time the wafers are exposed to the plasma. Due to the double load-lock system* 
Ac base pressure within the process chamber is always kept bdow 4xl(T 7 Torr. 

23 The edge-detection method 

Hie key steps of the lift-off process using edge-detection [2022-23] are shown in Bg23 
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for a mem fflm example. Fimamyerof pliotoreaiit b ptnaned u*f » dmMeld 
te mciminBek<Hg^e)). mietetotem^ 

out A atandaid optical-Bmogiapby proceaa irnaed here and no red* ahaptag i-~ukiw me 
needed. Then te dated tfda fflm b deposed cn te wafer < HgA3<«>. Ttetnmelfflin 
deposition technology it not tmM»vnca&^P™^ 
.puttering eomee with excellent amp covewfe. An «dd^ 1^ of ie^ » om to 
depoahedfflm(FIiA3(c)). The fed that the apmH» fflm it fttanmt In te *cb*yofshmp 
ed^penrto.rimple method of edge detection. A commSed etcnback b need to ntbcte* 

bn^ibrenghtbbl^^ 

te convenience.^ not expoeed,e^^ 

back atep b candidly timed ao that on te one h«m » |m> b inodaeed m ml ed|«fc tte « te 
otte h aa i 1 te, e mitatagM 

selectively mtack te expoaed regions of tedepoanedhtemmietelte«dgeoftepten> 
tag mate (Hfr23(e)X Thb aiepblte^mjnmclemtemdewtfb. The LOTBD prooma b 
completed by te Biting atep; ml te mate, tofeterwtetee^nietefflnwbnniwedbjr 
waking ta an org«teaolvem(Rg^3Cf)X . 

The coaling of te top byer mate and te etdmm mn c^ to te snceem tf te 
LOPED proceaa. If te mate b too thin or overetcned. tern may te i» mate left to |wtect 
the desired metal patterns; If tem*bten^ornrfmmdte«,-tem»myte» ^n*|ln 
^tedepoiiiedineteffl^^ Stately, te etching step which removes te metal 

ndewrita (thtoughte gap )bcriticm fat detenfnnm pw» ▼bbuny. fate following we 
estimate the combined allowed rangea of the key variablea to generate the mannfo rti iTta g pro- 



2.4 Proceaa window for the LOPED proceaa 

One measure of the viiHHty of a proceaa for minnlacm 
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Rgure 23: The outline of the LOPED process. (•) a liyer of resist ii patterned by i dark-field 
mask nd flood exposed after development, (b) tbe desired thin film is deposited with food 
step coverage, (c) a second layer resist is applied, (d) tbe second layer resist is etched, (e) the 
deposited fibs is etched. (0 tbe lift-off process is completed. 
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q^forwfaicfatheincesipedfic^iiniet Two oTnwnaonal sections of tidt 
arerefenedmasttopsocere wmdow. R» die LCfBD i«ocm the pdac^pil p«noi»* 
us are die thicknesses of the various films, the etdi *pfl» fa ite two etding «d *b 
dhiumsiorisefbofateA fadrefctowfaf 
two sections we fiat evaluate the relatkoUpt between the various fflm rtili I n Mil ad then 
derive some process window example* for the moat important control parameters, tto extent of 
the two etch back steps. 

Edge-detection constraints. - ft to possflde to estimate the uamialuu 
for edge detection using a conservative approxfaxadon. We aaamne that the spon-on fibn is 
neariy Itomttovk^tyofanedgedm^ votarrre shrinkage 

detennines the final profile. H*2.4(a) stows the cross-section of • normal application, fa 
which a metal pattern of width W is patterned by the aidewalls of the patterning resist with 
thickness Rl. Tto thickness of tire top layer teslst to Mbeioreetefaksge. The dryfag process 
changes the resist thickneas to k*R2(k<l). After d» etcbJng of dre top layer resist at least 
pan of the metal fibn deposited on the eonren of the p a tterning resist most be exposed as 
shown by the dotted fine. However, it to essential mat a step fa the topography midedytag the 
metal not result in detection of a false edge. An example to shown In Flgi4<b), fa which s 
sharp step (H) is within a large metal pattern, The tmdedyfag metal film sbonld not be 
exposed during etcnback. The top layer resist to ccnaervativdy assnmed fiat near the step 
before shrinkage. The iesto ddctaea over a lower levd tow 

(F2 + H). After shrinkage, tto xestotthictaea « d^ The restot etch- 

tack |g defined by tto fraction k/ of the flat-field resist thickness ( kxR2 ) which to removed. 
The resist thickness remaining at point A la 

kxfR2 + H)-k^fcxR2 (1) 

A conservative co nditi on to assure that no metal fibn to exposed can be derived by sss emfa g 
that the renaming resist at point A should to thicker than the step height H aa shown fa the 
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dotted line in Hgi4{b): 

kx(R2 + H) - k*xkxR2 > H 0) 
The requirement oo the dried resist thickness 1d4R2 csn be derived by rearrangement 

kxR 2> (i-qxH 

The thinning effect also constrains the thl£±ijess of the edje-detecrion resist layer. As the 
thickness of the lop layer resist increases, die thinning effect around a Aaip comer for a fixed 
Rl decreases. More specifically, a top layer resist thicker then the py-"'^ resist generally 
leads to insufficient t hinn i n g-effect and an inadequate p rocess window. The m inimu m width of 
the desired patterns is also an important factor in detennimrig the acceptable range for the top 
layer resist Based on an empirical characterization of the ipin process we find that the pat- 
terning width must exceed the final thickness kxRZ The upper limit for the thickness of the 
top layer resist is determined by the lesser of the two parameters Rl and W^: 



min • kxR2 > fl-_ k g* (4) 

This requtrement can be fflustnted by a typical example: A l.lmn ( ■ Rl ) reaist 
(Kodak820) is used to pattern a 0.7pm thick Al-Si film over a surface topography with 0,8pm 
steps. The minimum feature sire is aimed at lpm. The shrinkage factor of the top layer reaist 
is estimated to be 50% ( - k X In the edge-detection method, 60% ( ■k' ) of the top layer 
resist a etched. The remaining top layer resist ( about 0.4um ) is sufficient to cover desired 
areas without pinholes. The range of the acceptable final thickness for the top layer resist is 
calculated from equation (5): 



1.0pm >kxR2> 088pm (5) 
Within this range, a a9um resist can be used as the top layer resist 
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Figure 14: The cross-sections of the LOFED process titer the top layer resist coating, (a) For 
the edge-deiccfloa, the top layer resin to thinner around the edges of the patterning resist <b) 
The worn cue for the edge-detection is to pattern a large metal pattern over a surface 
The metal flan deposited at the corner of the step must not be exposed after the etch-back. 
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Tbe method described above b useful for t first estimate of the process requirements. 
Ite calculation usually gives a conservative p w di cflog i p hot oresi st flicker flmn the upper 
Bmit or ttjfap^r than the lower Sndt sometimes can also lesd to successful results. 

Etching requtrcmaia. - The geometry of the desired metal pattern is an Import a nt factor m 
limiting the size of the process window. Bg23 shows two examples of patterns at step (c) 
(R&2) of the process flow* Id these examples the patterning resist is 1 fym, the metal film 
a6nm. aid the top resist fflmaSSp^ 

metal pattern. Because of the narrow fine, the topresistisguitethinandenly aixHit 10%e^ 
bock is needed to open the comas. On the other hand the madman aHowible etchhack Is 
Baited to about 80% by the requirement for non-zero resist thickness in regions whore the 
metal is to remain ( see, eg. FigA4(b) X Aw Figi5(a) we may also estimate the con- 
strains on the metal etch for this example. If the top layer resist is just broken tfaroqgb at the 
comers, then an etchhack just equal to the metal thickness is nee d ed to expose the bo t tom pho- 
toresist layer. On the other hand if fbe top layer resist etchback is more aggressive and 
exposes the "notch" in the metal comers, only about a 60% metal etch is required. On die 
other extreme an excessive metal etch wQI degrade t pattern fidelity* For the example of 
H<JL5(a) the allowable overctch varies torn 60% ( 160% total ) lb 20% ( 120% total) as the 
top resist etch goes from die 10% to 80% extremes. These etch limits for the stmctnre erf 
Kg^J(a)-are-ff trnmarirrd in Fig2.6(a) as a process window. The window of H&2.600 is for 
a particular pattern, namely a minimum-width space. If the process window for all possible 
geometries were plotted on the same co-ordinates, then the intersection would be die. actual 
available process window for s imult a n eous fabrication of these geometries. Rg£5(b) 
represents the opposite extreme of Hg 2 5(a). The process window of both are plotted in 
Rg-2.6(b) and die intersection is shown as a batched region. This region is a reasonable esti- 
mate of the actual process window for the LOFED process with the stated film thicknesses. 

A flat surface is assumed in the example calculation of Rg2.& If surface topography 
exists on die substrate, the upper limit of die etchhack ( k* ) is lowered as required by equation 
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X OF THE TOP LAYER RESIST ETCHED 

(b) 

HgureJL6: A process window for the LOPED process, (a) Tbc enclosed legion is the accept- 
sfate ranges for the case in Fig.4(a). (b) Hie enclosed legion is die acceptable range for die 
case in Hg.4Q>X The overlapped region of the windows for the two extreme geometries is the 
process window of the LOPED process for this combination of fitan thicknesses. 
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(4X winch if rearranged below. 

^<,.IUg£ (6) 

MB 

If the shrinkage actor k tor the top lager resist it 30% nd the net thickness WQ it OJSum, 
tat 

r<l-OS9xH (7) 
On a flat surface ( H ). the edge detection method cm etch nioat of the top layer n^ist ( * 

< 1 ). If a atep of 05pm exists on the surface, the maximum amount of the etoaback b lim- 
ited to 70* ( k* < 0,7 X 

15 Applications 

The fflustritions of the LOPED process hive used meal film* as the example. We have 
tested the feasibility of the process, including substrates with underlying topography using stan- 
daxd metallization and resist processing cquipaient Hie topograph is generated by etching 
trenches in the Si wafers. Tt* geometries ranges fcam 1pm lines and spaces to Mfcim Ones 
and spaces with varying step heights. The process, as described, is practiced over the resulting 
geometries. Flg2.7 shows an example of an ahnrinum pattern of 1pm lines and spaces over 
top o graphy with 0.8pm steps. As can be seen from the SEM picture, the film is contipaops 
across the steps without significant variations in critical dimension. A tapered resist pattern has 
also been used to test the robustness oLfhe LOFED process. A pattern is formed fat 0.7pm of 
resist with 45* • 90* aidewalls by reducing hnafe contrast The tmdedying topognphy 
mdudea steps of 0.6um in height The lift-off results are shown in fifll Al-Si Bnes of 
1.0pm width are pattemed over these steps with good continuity. In the absence of the under- 
lying topography, the OCA stepper can resolve submkiometer features. Fig£9(a) shows a 
pattern of 0.8 urn lines and spaces fat Al-Si defined by LOPED; Rg2.9(b) shows another exam- 
ple of 0.6pm lines with 1.0pm spaces. It la also worm noting mat this technique works for 
both large and small geometries. Squares of 2mm by 2mm are pattemed on the same substrate 
with the cubmicrometer feimres without difficulty ( Hg^.10 X ft is dear that the resolution of 
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Figure 2J: A SEM picture of lum Al fflm 
sidewalk. 



patterned overtX6ym ftepj using ■ tiered 




Figure 19: A SEM picture of sub-micrometer ihmimm features on a flat surface, (a) 0.8pm 
Une and space and (b) a6pm line and 1.0pm space. 



Hpms 2.10: An exainpk of the LOPED process. Hie dense poems contain a&un 
shown in Figured. The large squares show die ability to pttemZjOi^^^efeatees/ 
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the LOPED process is limited primarily by the lithography tad the roetai deposition nthcr than 
the process itself. 

Another application of this process is in trench isolation[5,8 J. Trench patterns erf 0.6nm 
depth axe first transferred into a Si substrate by plasma etching and the resist is left in place as 
the lifting medium. The PHOTOX™ process is used to deposit an SO; film at 100°C A 
second resist layer is span on and the LOPED ctcfaback sequence canted out After lift-off a 
planar surface is obtained* as shown in Rg2.ll. 

Z6 The Interaction Between Photoresist and Solvents 

The interaction between the solvexx and the resist has significant effects on the lifting step 
of the LOPED process ( Kg.2.3(0). Some solvents ( e* acetone ) swell photoresist during 
die process* while some other solvents ( eg. developer ) simply etch p h o tor esis t . The lifting 
process will be examined in this section. 

The wafers are processed as described in section 23 ( FigA3WHe)). But at the last step 
the wafers are taken out of the solvent bam after a finite immeision time. Then the Al film is 
removed by wet etching. After drying, the wafers are impeded under a microscope. A sharp 
boundary exist between the peripheral, acetone-penetrated regitms of the re 
central "un-panemed" regions ( H&2.12 X As the immersion time increases, the width of the 
peripheral regions increases. 

The penetration depths of acetone are plotted against the immersion time in Hg. 2.13 ft* 
various metal deposition times. Por each deposition time, the penetration depth increases 
linearly with time, or at a constant penetration velocity. As the metal deposition time increases 
firom 2 minutes to 5 minutes, the penetration velocity decreases from 350)imAnin. to 
lOOjimAnin. This decrease hi the penetration velocities can be due to either a thicker film or 
resist cross-linking during die longer sputtering time. Another experiment has been conducted 
to separate tbe effects from these two factors. Two deposition processes are used to deposit 
lpm thick aluminum films. In one experiment, a single deposition of 5 minutes is used, and in 
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IMMERSING TIME Ueol 



Fij^ 2.13: The pew^mvetochia erf « worn tempera- 

ture. The metil depositJoo me ii iboU 02\m/aan. 
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the other the wafer is taken out of the vacuum chamber after a 05pm AI ffln^b deported ( 2 
minutes and 30 seconds ), followed by anothci deposition to ^^npictc the lpm fttan. The 
penetration behaviors ire fflnstrated in Fig. 2.14. Tlie single deposition results in a much lower 
penetration speed than the two-step dep osi tio n, even the total thickness of (be metal ffim is 
identical Also shown in this figure is a s a ffljilf with 5-mfamte deposition time* hot half of the 
metal film is removed. The penetration velocity is identical to that of the thick 5-minute depth 
sitioo time sample. It is then concluded that the tetnperatme rise daring the depo siti on pro» 
cess, rather than the metal fihn flridmess, is ^f^"f"'tf to die penetrati o n . The next section 
will examine die penetration phenomena in mora detail 

2^1 Theoretical Analysis 

The behaviour of swelling pen e tran t s in glassy polymers has been studied extensively by 
polymer chemists, and it is well-known that die sorption is non-Hdrian over a range of tern* 
perature and of solvent activity [24-29]. Within this range die weight gain during sorption is 
proportional to the first power of time ( called "Case IT tran sp o rt ) rather than to ha square 
root ( Fiddan behaviour ). It is also known that a sharp boundary exists between the outer 
shell containing an appreciable amount of solvent and the internal core which is essentially 
impenetrated* 

Several models have been proposed to describe this 'anomalous* behaviour. Perhaps the 
most satisfactory interpretation of the Case n diffusion is that of Saiti et aL In his model, Sarti 
stated that die buildup of solvent on the swollen get side leads to a high tensile stress, which 
effectively pulls die polymer matrix open microscopically to permit further solvent migratioa 
The rate of this interfsce migration is postulated to obey the linear law: 

X«K[o-<y (14) 
where X is the rate of change of the current location of the boundary, o is the stress, c Q is a 

threshold stress and K is the proportionality constant When the stress is lower than the thres- 
hold value, no movement is possible. At die moving boundary, die glassy core undergoes an 
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Figure 2.14: The effect of deposition time. The nme deposition lime ( 5 minutes ) rendu in 
identical penetration velocities even the metal film thickness to reduced by 30%. A two-step 
deposition leads to faster penetration vetaiiy fix *e none Uun film. 
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osmodc stress tension x and a differential swelling mess a^29]. Substitution erf a by ( a* + 
rtx^ ) in cqoitioo (MX we have: 

X-KIax+fc^-oJ 05) 
The constants a and a* account for the fact that the osmotic tendon % is isotropic, die swelling 

stress 0° is biaxial whDe c c is uniaxial tension. 

The osmotic stress can be computed by the Etoiy-Huggins[25) as 

*«&-Xit*-^l-*)] + *' (16) 
where R is the ideal gas constant, T is the system temperature, Vj is the solvent molar volume, 
4 is the solvent volume fraction in the swollen region at the boundary, V 2 is the polymer molar 
volume and Xi the Hory-Huggins parameter, if in equation (16) represents die deviation from 
die equilibrium condition. If equation (16) is pot into equation (15), die moving late of the 
boundary is: 

v-X 
-K^ + a'qf-a.) 

«v,»-xi# 2 — ^ln(l-*)] + Vo (17) 

v, « , and v 0 - Kfa^ + a'o. 0 - oj 

Hie molar volume of acetone is 734 cm 3 ( -V s ) and that of die photoresist is in the 
range of 4000 cm 3 to 16000 cm 3 ( = V 2 ). The ratio Vj/V 2 is then negligible ( 0.005 < V,/V 2 
< (X018 ) compared to other tenns. The simplified equation for the penetration velocity is: 

v = v,(*-xit*>+v 0 (18) 
He Rory-Huggins parameter %i is given by Blank and PnmsntoI2530]: 



Xi-0.34 + ^J r (5 1 -6 2 ) 2 
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The value 034 stsnds to toaveragevatotf^ 

wfbrac«Dnelf 9i>(oUexO^ (fc) and tot to novolac team is to the range of 83 to 99 



(cal/cx.)* flaX If these iiumben are jwttato to equate as 

0J4 < Zi < 0- 58 ^ 
The volume friction * can be calculated from to ratio of to thickness of Ihe swollen 
teste ( 2^ ) to tot of to original teste ( Zs ): 

-1-JL C21) 
T 

h. C22) 



The thickness of to peripbenl regkn is measured by a Tenco alpbastep profflometer 
sfter drying to wafers (TigiM \ became to teste is too soft to tnesjurementd 
ite soh^ bain, After dry^ 

nets. Pert of to regions can remain to original thickness after drying, and toiefwe to i 
imumthickneureconfedtoeachexp^ 

For those samples with thin metal film deposited, to tblctaea of to teto 
to original 1.7pm to near 6.6um after Immersion in acetone. For to sample exposed to a 
longer metal depositkm process, the res* swells rignificantly less ( e* to 2,6nm) for to 5- 
minute simple. The y vilues, the * vihies aa well aa the corresponding penetration 
(V) sre listed in table 2.1. 



-32- 




Figure 2.15: The thickness of the meted itcst after drying. The meod deposition time b (a) 
2 minutes and (b) 5 minmes. 
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Table 2J The Thickness Ratio Votome Fraction (*) and The Penetration Vetodry (V) 



No. 


V 


7 




VOuotecJ 


*034** 




1 


2 rain 


388 


0742 


197 


0335 


0423 


2 


3 ndn 


206 


0514 


356 


0424 


0361 


3 


4 ndn 


171 


0414 


237 


0356 


0315 


4 


5 ndn 


153 


0349 


149 


O306 


0278 



Tin penetration velocities tie plotted against *-Xr** in HgXW far Xi"**34 and 
Xi-058. The velodtiea in both curves inoeaae Bneady wilb * - yj* 2 aa p»wfic05d fa conation 
(17) until a saturation velocity ( - 3S7iaa/ain.) is reach e d, The fact that the penetration velo- 
city for the leatt-crosriinked resist deviates from the linear dependence incficalef that a median- 
ism other than the Case II diffusion dominstes (he reaction. The irerafrce reactkm rite U pos- 
sibly the best explinaticm for the linear time dependence for the least-aossDhked simple. 

Z62 External Effects 

The lift-off process is usually improved by raising die temperature of the acetone bath or 
applying an ultrasonic agitation. The effects of both processes on the lifting step are investi- 
gated here. The rrnrttarkw depth to ploaed agafart the 

peratures in Rg^. 17(e). The penetration velocity increases with the bath tempeaatnre. The 
Anhenfas plot for the penetration vdoddes is given fa Rg2.17(b). The activation energy is 
calculated to be 03eV. 

The penetration velocity is also measured with and without tin ultrasonic agitation ( 
Rg2.18 X The addition of the ultrasonic agnation does not increase the reaction speed. 
Another experiment is contacted to stody the efTem of t^ 

pattern with one thousand 50um by 50am squares bprocessedoy the edge deiectkn method. 
After immersion fa die acetone bath with ultrasonic agitation, the numbers of remaining 
squares are plotted fa Hg2.19 against the immersion time. If the experiment is done without 
the ultrasonic agitation, more than 80% of tin squares ( compared to 1.6% fa Rg£.19 ) are reft 
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Hgurc 2.16: The penetration velocities it plotted venui + • Xit 2 for two Xt values, 034 and 
058. 
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Figure 2.18: He effect of ultrasonic agitation on the penetration. The nloasonic agitation 
shows no effect on the penetntion velocity. 
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Figure 2.19: The effect of ultrasonic agitation on the lifting. Tte remaining resist patterns of 
50pm by 50jim squares after immersion in acetone ban with ultrasonic a gitation decreases ex- 
ponentially with the immersion time. 
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oo the wafer after one minute immersion. The ultrasonic agitation a pp tr e ufly helps in the 
removal of the excess film after the mderiytpg resist it completely penetrated by acetone. The 
exponential time-dependence of die remain^ firactim on tb^ 

aon process, which la unique in to mcmofyl ess feature . At any time in a Frisson process, 
what happens after ia independent of what has happened before* It ii speculated that the cavi- 
tation force resulting from the ultrasonic agitation provides the externa l force needed to tear 
apart the swollen resist and remove the excess film. 

« 

2.7FaflureM«d»rismforT^ 

All the studies discussed in previous s e cti o ns deal with the lifting process with an open- 
ing to the underlying photoresist. & is also interesting to examine the lifting step when the pat- 
terning resist is completely covered by the deposited fifan* a case sometimes encountered with 
the traditional lift-off and considered "failed** For a real-time observation* the glass wafers are 
used as die substrate. A layer of photoresist is patterned and an Al-Si film is sputtered- 
deposited on the wafer. The glass wafers are placed facing downward in a petridish, with 
some glass slides under the edge to support the glass wafers. Tbe setup is placed under a 
microscope with a 35mm camera. Acetone is poured into the petridish and pictures are taken 
at a fixed time interval. Some examples are shown in Rgi20. Whenever acetone penetrates 
imp the resist, tbe Al film is locally deformed and scatters the illuminating light, resulting in an 
area significantly different from other areas. As the immersion time increases* the penetrated 
areas increase linearly with die square root of the immersion time ( HgJUl X TUs penetra- 
tion results m a swollen resist and tensile stress in the Al film. When the stress exceeds the 
tensile strength of Al, the film breaks into fragments, and any external fbrca can remove the 
excess Al fragments . Tbe lift-off process for this condition may be summarized as follows: at 
■*? Pc^cn^s through the defects or pinholes of the deposited metal fihn 

into die photoresist; as tbe immersion time increases, more acetone diffuses into the resist and 
swells die resist to create a tensile stress in the metal film; when this stress exceeds the tensile 
strength of the deposited metal film, the film breaks into fragments; then an external force can 




(b) 
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Hgmt £21: The areas of the reacted regions is plotted against the immersion time in the tradi- 
tional lift-off process. A Hddan diffusion Embed process shows the typical square root time 
dependence. 
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tear apart the toft, swollen resist and remove the film fragments. 

This lifting step proceeds in an uncontrolled manner, and leads to unreliable results. For 
a luge metal patterns or a flrfck meld 10m, the sidewafls of the patterning resist are easily 
covered even a directional deposition method ( cj. evaporatio n ) is used tor metal films. The 
LOPED process can dreamvent this problem by provkfing a controlled way to create 
uncovered resist edges. 

US Why Acetone? 

Several solvents have been tested for the lifting process. Acetone is a common solvent 
for traditional lift-oft Both the alkaline developer ( e* AZ351 ) and the metal ion ftee 
developer ( eg. KTI 932 ) are tested. Some of the developers come as a concentrated solution 
from the supplier, then various concentrations are tested. Also tested are some prop rie taiy 
resist strippers such as EMT-130, RT-2 and FRS-1000. Hie tested results are listed in table 
12. Acetone lifts ill the excess film consistently for most experiments. When heated at 80°C 
die EMT-130 resist stripper ( NMP as the main ingredient ) etches photoresist with proportion 
to die square root of time. EMT-130 can remove the first few hundred micrometers of pho- 
toresist at a similar rate of acetone, but a resist pattern more than 500pm, such as the scribe 
fine areas, requires more than 10 minutes immersion time in EMT-130 and residues can usu- 
ally be observed in these areas. Hie concentrated developer ( AZ 351 ) is a strong base soft- 
tion, and consequently, attacks die deposited Al films. All other solutions give slow penetra- 
tion velocities and incomplete lift-oft Only the small patterns on the wafers are cleared by 
these solvents, and an extended immersion time is always needed to lift the excess film on a 
large resist pattern. To lift a 200ym square resist pattern takes more than 10 minutes of the 
nmnenion for the diluted developer or die resist strippers. Hie same partem can be cleared in 
about one minute in acetone. As a result of the slow reaction, residues of the excess films are 
left cm the wafers. Acetooe seems to be a good solvent for the lift-oft In older to understand 
die uniqueness of acetone, both thermodynamics and kinetics consid er a ti on s have been taken. 
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Table 22 Solvents Tested tor Lift-Off 



Solvent 






Acetone 


100-390 




EMT-130 (KTQ 




residues In lareje areas 


MIBK 


25 


ikm&reaidaes 


AZ351 developer 


* 

• 


Etch Al 


AZ developer 


S-10 


slow&reakmes 


MF-312 


12 


itow A residues 


RT-2 itripper 


12 


alow A residues 


PRS1000 stripper 


20 


ilow A residues 



Hie molecules in a polymer, at well as In a solvent, are attracted by other mokenks of 
the same material The energy per unit volume due to this attraction tare Is called the 
•cohesive energy density-- A noncrystalline polymer will dissolve in a solvent of shnDar 
cohesive energy density without any further tatermokcular force. If the coheaive enerej den- 
sity rf nm polynier is larger than that of 

solvent to penetrate into the polymer and saoactte the polymer in o k co ka , However If the sol- 
vent has a higher cohesive energy density it is also unlikely that the polymer i 
dissolve into die solvent The mathematical derivation of die aforementioned Meals 
in the following. 

The process of dissolving a polymer in a selvem is goventri by die fi«e enetgy annate 



AF - AH - TAS 



CM) 



Where AF is the change in free energy, AH the heat of mixing, T the absolute temperature and 
AS the entropy of mixing. The fooeare of entropy of dissolving a polymer m a solvent is gen- 
eraHy quite smiH Therefore the msgnitude ofthebettterm(AH)isdie deciding factor in 
dBtennhBng the sign of me free energy change. A small AH leads to a thermodyiiamkally 
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favored reaction. Hildebrand[31] proposed the mc* useful model for the heat term: 

AHoKfo-^,] 2 (25) 
1 

6| «(AE§/V)* Q6> 
i 

*2*CAiyV) 7 (260 

K is the proportionality factor equal to the multiple of the volume of the mixture and the 
volume fractions of both components. (&E/V) is die energy of evaporation per unit volume, 
and is generally called the * internal pressure J or the ■ cohesive energy density The square 
root of the cohesive energy density, designated as & is called the solubility parameter. Hie 

1 JL 
unit of 5's is (energy/volume) 2 and most values used later are in (caL/cx.) 3 . As am be seen 

from the above equation, the minimum AH value is zero when 6j equals 5* Use solubility 
parameters of some commonly used solvents are listed in table 23. For most commercially 
available photoresist, the mam com p onent is a novolac resin. The solubility parameter of die 
novolac resin is in die range between JL5 to 99. It is dear from the table that acetone is one 
of the solvents that have similar solubility parameters to the novolac resin. For those water- 
based solvents, such as developer, the high value of the solubility parameter for water makes 
the dissolution of polymer thermodynamicdly unfavored, lids is part of the reason why 
acetone has a relatively faster reaction. The other reason has to do with the kinetics of the 
reaction, or the mobility of the moving solvent molecules. 

Among all die solvents with comparable solubility parameters to that of die novolac resin, 
acetone ( CHjCOCH 3 ) has die smallest molecular size. As a result, the reaction kinetics, 
which is proportional to die mobility of the reactant, is much faster for acetone than other sol- 
vents. From both the thermodynamics and the kinetics consideration, acetone is the most 
favored solvent for the dissolution of novolac resin. Consequently acetone has been used aa 
die main solvent for die lifting step* 
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T^bk2JllKSokibattjP«rminet«torSoineSolireiti 



Solvent SeUtBurrumntut 




) 


MIBK M 


m 




Xylene u 


1716 




Bonne 


S&9 




Acetone 


73.4 

• 




JPA »■* 






Ethyl alcohol 12.7 






Water 23* 






15 Summary 






A new lift-off process us&g edge-detection (LOPED ) has been studied as an liter 


native 


thin film patterning process for VLSI interconnect 


a technology. Some criteria on the 


thick- 


ness of the top layer resist is presented to assure 


i ttet the desired metal patterns ai 


« not 


accidentally attacked by the edge-detection method. 


A process window shows */• 10% 


toiler- 


ance in the etching of the top layer resist and the d 


eposited film. A 1pm Bne-and-spac 


e pat- 


tern of sputtered Al-Si film over topography demons 


trstes the potential of die LOPED process. 


The fact that this process does not require die re 


entrant profiles for the lifting medi 


urn is 


demonstrated by an example of using a tapered test 


it sidewalk process. Twosubndcrc 




features* as well as some mnflnirirx stae patterns, 


mggest that the resolution of the D 


DPBD 


process is limited primarily by die Bthograpfay and the metal deposition process. 




The interaction between acetone and the pb 


xotedst is also investigated. A cc 


nstatd 


penetration velocity indicates a Case II Affusion prt 


Bess. The penetration velocity is fa 


and to 


follow the +- %xt dependence as pwficted by a 


Case D Affusion model* until a sati 


nation 


velocity of 357pm/sec is reached. A higher bath 


temperature increases the penetration 


veto- 



city wfeh in ecdvation energy of 03eV. The nhmonic agitation does not incretie the penetra- 
tion velocity, but rather helps in removing excea film feagmenta. If the underlying rcrist U 
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compittriy covered by the deposited metal film, the acetone can only p ene trate through tbe 
mead film in an unprccfictable way. Then the swollen rata introduces a tensOe stress in the 
metal film nntfl it breaks* An external force can remove the film fragments from the wafer to 

mmhiWIa^ eSa^st^ - — 

Compl et e P K uiOOCSS* 

Acetone is found to be a good sotvu for lift-off because it has a similar solubility 
parameter as the novolac resin and a small molecular size. Other solvents, such as developed 

and least strippexsdfeact^vta and leave residues on the wafer. 

• 
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Chapter 3 

A Planarization Process Using Spin-On Glass 

3L1 Introduction 

For muMlevd interconiectioo technology, a phmarizatkm procca is needed for better 
step coverage of subsequent deposition. The use of spawn £ass ( SOO ) is attractive 
because it can provide good planarity st a ielitively low cost [1-8J- Tliere are two approach* 
to using SOO, the etch-bade process and die non-etchbadc process. ta the etch-back process, 
the SOO is used as a sacrificial layer and is either completely removed or partially removed 
later in the process. There is no SOG left over the underlying metal patterns in the etch-back 
process. Converady, the SOO in the ncm-etchback process is part of die tmertayer die lect ri c 
film. In principle, the non<tdibadcproce^ However, it 

is found that in the noo-etchback process the buried SOO film, when exposed to the vias, may 
contaminate the second layer of metal and result in a high via resistance ( "poisoned via* X 
As a result, most of the reported applications of SOO are the etch-bade approaches P-6J. 

In this section we explore the limh of the etch-back process fim. The SAMPLE simula- 
tion program is extensively used to detennine the deposition as well as the etching profiles [9J. 
Then a study of the non-etchback process is conducted to give some guidelines lbr using the 
process. An empirical modd for the spin-costing profile of spin-on glass is proposed and is 
used in conjunctkm with the SAMPLE program to show the effectiveness of the the penaliza- 
tion process in improving the step coverage. In the following sections, die development of a 
non-etchback process is described. The material properties, as well as the roles of the anneal- 
tag, are investigated. Infrared spectrophotometry is used to study die annealing effects on the 
contents of bydroxyl and organic groups. Both the room-temperature stress and in-situ stress 
during annealing are also examined J*^c i»op^ ***** 
potion factors and breakdown fidds ) are studied as a function of annealing conditions. 



3.U The Limit of the Etch-Back Process 
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A typical example of the each-back plananxation process using SOO It described below, 
dick dTdecnto film (genendlymwh 
delectric film ) is deposited over the ptnenwl metal layer. Urn the spin-on git* film It 
coated and annealed. A plasma etch, which can nanove ihe SOO film at a atanOar me at of 
die dielectric film, trms&n Ibe smooth l uoogiap hy of Ihe SOO film into the dielectric film. 
The process is completed by another depwfafon of the dideeok film to 
final thickness. 

The leqnbement that aD die SOO film over the underlying metal must be removed, as 
needed to assure die absence of the "poisoned vias", sets the process window Ibr a specific 
combination of fibs thicknesses. Fur a narrow isolated metal fine, die thickness of die SOO 
film on top Is negligible compared » the SOO film thickness on s fist sarface( Hg.1 \ There- 
fore, the maximum amount mat can be etched before the tmdedying metal film is exposed and 
reaputtcred Is the thickness of the deposited diekctric film; 

The condition that determines die minhnnm amount needed to be etched is shown fat 
H*2 for a standard LOCOS-lsolation, polysflkon-gate MOS process. The worn-case step, 
equal to the thickness of the polysOicon pins half the field oxide, "propagates" through the 
metal film The following deposition of the metal film and the thick dielectric fihn will retain, 
if not increase, the step height For a narrow gap of me dielectric fihn, the SOO fihn most 
Tftrfy will pia wiT iTC my ogr ap h y and result hi a maxinmm thickness equal to die sum of the 
step height and the SOO film thickness. Conse qu e n tly, the minimum amount of Ihe et c h i ng to 
remove all the SOO fihn over metal patterns fat 



AHMK-C-j^+lVK + taooyS , (2) 
where S is the selectivity of the etching, defined as the ratio of the etch rate of the SOO to dot 
of the deposited dielectric film. 
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FigJ.l The rimulauon of & spin-on glass film coaled over so isolated metal line. 
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For a practical process. «* «cctpiable p^m wtodom mm »mmaiSitmms)a to 
alkw for pnxtas variations and non-untormrty. ft is then lequiitd ihat die upper Ibnit of the 
etthtag ( fte Baxtonm amoom ) anat te 1^ 
by a safety margin ( oft ): 

AHjcn. x ( 1 + <r% ) < AHmax (3) 
If cqnatioo (1) and equation (2) are substituted into equation (3), we hare the constraint on the 

dielectric film iWrfrr— » for the etch-hack process : 

( ^2L + H M ,+ too ysx(l+oft)<H 0 x W 
2 

A realistic example has the following film thicknesses and process parameters: field oxide 
Q.6um ( Hrox ), pdytflicoo Q.4um ( H^a ). SOO film 02|im < tjoo ); the selectivity of the 
etching is IjO ( S ) snd the safety margin is 20% ( o ). Then equation (4) shows that 

098um < Hoc C5) 
Or a minimum dielectric film thickness of about lum is needed. 

It is obvious from equation (4) that a thicker dielectric film can allow a larger process 
window. Bm the shadowing effect of the depositiOT 

metal apace. A purely isotropic deposition over a step wffl only reduce the apace until the 
sidewalk merge. But the most widely used tow-tetnperatnre CVD oxide ( LTO ) and the 
plasma-enhanced GVD ( PECVD X oxide have some degree of dbictionaliy. For a narrow 
trench, the film deposited at the skkwaus and st the bottom is sigmflcaimy less than m^ 
sited on the tope. As the film thickness increases, the film on the top levels tends to merge 
and leaves under it a pocket with a narrow opening or a sealed void. The etch-back following 
after the SOO process in g may open the voids or the poorly filled pocket, and thus result in 
severe topography for further depos i ti on s. 

The SAMPLE program has been used to simulate the deposition process with varying 
metal spaces. The underlying metal fDm is chosen to be lum thick; a PECVD process it 



simulated as the dtatectnc depoeroon w*W * PV « <^ " 
tenMmmiwmvudoitouoocuMaite*^ H» mMOrnxm dielectric film thick- 
ness to shown in Hg3 for two deporttoo lauuuiiuw* ( or two surface migration ranges X 
Rom into figure, the ninhmtm meal space of l^im b «eded tf more *■» * Barometer 
iBekcoic ntoa to needed » meiitioaed Any demand of ft mtoker dfetec- 

trie fflo or of a amaHer metal space must be met wim ■ diffl^ pro» oton the aimpte etdh 
back process Jnst described. One poseum solution to to use i mulllpk ilrhberk process, s 
tfafamer dielectric film to repeatedly deposited and etched bat* untO me desired planarity to 
acquired. Another potentiil solution svoids etebback entirely. 

3.L2 The Limit of a Non*Etchbndt PlanarfantioB Procure 

A non-etchbick penalization precese using spin-on glass is potentiilly much ifanpler than 
the process just described. The limitation mentioned in fee last section to removed since the 
CVP-deposlted dielectric film to much thinner m the non-etchback process. However, the 
-poisoned via- problem associated with the i»m<tchback procem must be soh«d b^ 
the right material and process parameters. The development of a mm-etchback process will be 
discussed m o» irxt seco^ m 
etebbtdc process. 

An empirical model is used to describe the coating profiles of SOG over topography. 
Based on thf r^r rfa** 8 "" nf «n«Maeitons using scanaig-electron microscopy, wehave for- 
mutated an empirical model for the coating profile: 

y-y.+(yo-y-)«Pl-(~+fw • « 
where A and B are two constsnts depending on the SOO material and process parameters only, 
to to die SOO film thickness on a fiat surface, and H to the step height. As an example, the 
constants for me SOO 305 from Allied Cb. are A-044 and B-1.36. 

This model is used in ccqhmction with the SAMPLE simulation program to study the 
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- SURFACE MIGRATION = 0.05 urn 
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RgJJ The maximum thickness of PECVD oxide before a deep pocket or a sealed 
voldii formed The underlying metal thickness is assayed Utm. the SOO is assumed 
200nm, and the gap needed for a successful filling is 03\im. 
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^.tomlto and followed*^ -B**»*»«** 
02Mm SOO fib* 1. itpeamd fcr«lo«vd*.cflhe^cetolte 

„d«ly**^ 

metal deposition is lor an Ideal < bendqtateal ) *metmg dlstrltation; the .ctaal etep cover- 
age can ton m. Ibe SBM ptatoe. in H*5 show the step coverage of . spatter- 
ieparited Al^Si torn from e CPA iqwoettog The step coverage over so isolated 

toetmtote*^ Tte-epcovengetorin^ 

,owsp«<Fig^>)i«*°o^ te 11,emP 
covers* of . wide space ( Rg3(0) * 1~ food toe a torger imddence .ngte is l»«Me on 
te ridewdl(d At.^of^^(I^c)Xthec«nh^c»oftheSOOfto«rf 
the deported Select* ito The deposition of 

ttddeng^TX Tbd«^.^|^^ k ^ Mate,,,,-- * rl * ,r 
plmanadon.oresmdwich 

Several commeicudly, available SQO products have been evaluated far die 
process. Two S OGa < SOG-2X and ICi-200 ) with the best costing piopeilies woe 
for . more detailed stady. SOG-208 contains methyl, phenyl and etboxy poops srlto eafboo 

content in die tonge of K340D * * " "* 

mm. only methyl snd tnspedfied ^ slko^ fronps bonded to dlicon atoms. The solve* for 
SOG-208 b primarily propenol snd the solvent tor ICI-200 is primarily butsnoL SOO-B also 
contains a leveling agent" to assist to obtabdng a imiibrm coat Overall, the higher boOfog 
point solvent and the added leveling .gent give ICI-200 . better coating mdfbrmity than 
SOO-A. 




FigJ.4 The step coverage of a hemispherical spattering aver • SOQ/CVD dual layer 
over underlying metal topography. The underlying metal film it assumed 1pm, the 
SOO film is 200am, die CVD oxide is 600am, and the top layer metal is 1pm. 
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B. Spinron Glass (SOG ) 



TibJe 11 SOG Products Te*«d 



Type 




Material 


209 


Mfied 


iflicate 


204 


Allied 




305 

;*208SC; 


Allied 
Allied • 




ici-200 


Padmtx 


SQOXSDC 




Futnncx 




nj> 


StflttffCT 


Mgb^aAco tiloxane 


123 


FUnnjuoics 




801 


filntrooici 




802 


Fttmtxroics 


sfloxtnc 



Seven! SOO products have been tested as fitted ta table 3.1. SOO-203 fiom Allied 
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Company it one of the original spin-on glasses. The mate Ingredient ii sflicxte (SKOH)^ dis- 
solved in an organic solvem. This material cm be converted to SOj at a relrtiveljf low tem- 
perature ( about 30O-40O°C ). But the film is porous and, therefore, baa very high etch ntea in 
buffered HP solution. SOO-203 is usually used when high ternperamrc annealing is allowed ( 
eg. overpolysQioon topography ). Themsximum fitothfcknerafbrm^ 
als is about 3O0O-4O0OA before cracking. Therefore, silicate has been mostly replaced by tbe 
sfloxane-type SOO. which has a much higher crack resistance. SOO-204 tad SOG-3Q5 are 
both polysiloxane SOG in organic solvents with their respective organic groups attached to tbe 
silicon atoms. SOG-204 is recommended for tbe etch-back pianarization process by Allied 
Company. The annealing temperature needed to convert 204 to SiO, is higher ( about SOO • 
600°C ) than most other SOGs, while SOO-305 can be annealed to SiOj at a lower tempera- 
ture ( about 400°C ). When 305 is used as a plaiiariring film, -gapping" ( separation of the 
SOO from tbe substrate ) sometimes occurs. SOG-208 is a mixture of 204 and 305. thus, con- 
taining the organic groups in bom SOGs. The properties of 208 are also averaged over the 
properties of 204 and 305. After 400°C annealing, the film is not completely converted to 
S1O2 as 305. But most of the organic groups ( carbon ) are removed from die fins and no 
adhesion problems have been reported when using 208 over PBCVD oxynitride. SOG-208 
will be one of die materials under more detailed study in later sections. 

The SOO IC 1-2O0 from Futurrex Company is also a potyaOoxane type SOO. Some addi- 
tives in the film, inch as the levelling agent and the adhesion promoter, make the coating pro- 
perties better than other SOGs. The film thickness is mere uniform and no stristion effects are 
seen. TbJs SOO wffl also be investigated in detail later. DO* is s thick SOO from Futurrex 
Company. A spin speed of 3000 rem can give a 6000 A film after annealing. It has similar 
dielectric properties ( eg dielectric constants ) to SOG-208 from Allied Company and the film 
tends to crack over top ogra p hy. Consequently, DC4 has not been studied in d etail 

Staufler Chemical Company provides a thick SOO, H-D (Inter-Layer Dielectric ). which 
can give close to a 1pm film after coating. This SOO contains a lot of carbon after tow 
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mven0U t one** TkfiI«c«J»^«^«<«rc^eo0^^rt H teio 
ooc-hilf of to original dridmesi after KXTC SOGs ftwn Htamonlcs Company are also 
polyifloxaiie type SOG. Their dielectric propria hare been studied «nd (BfSex Bnle ftan 
tfme of tbe SOO-208 type S(X3. 

C. CVD dielectric films 

After S00 coating, Mother layer of CVD Dm is iwally needed to eonn^ u* 0* 
1.0pm taeile>erdlekciricfilin. Bdh low-tempeiatnre low-pressure CVD oxide ( LTO ) ad 
pUms-eahrad CVD ( PECVD ) oxide have been terted. The LTD is deponed using • 
TylsnLlCVT>lttnuuiceat45rc The sooice gases ere SB, and HA with d» 

doping gas. PH> tuned eft The deposhion tate of the midoped oxide fflm ie about 
IXpnVhoor. TbeetchiatescdfceLTOntatobufi^^ 

intheCaffsplasiMaresuiniiiaiiiedinta^ The wet etch tale ta about 50% higher than 
that of thermal oxide. This indicates the porosity of the film end a densification step at a 
higher tempeiatme can reduce the wet etch rate. 

Table 3J, The Etch Rates of Oxide FDms 



Etch nte in 10:1 BHF Etth rate fa Technta Plasm Etchbif Syi.* 


LTO 


ATvanfain. 




PECVD 


jDtytni/min. 


jQ4)HiVtnin 1 


Thennal oxide 


j04|nnAmn» 





• Etching conditions: 
CHFj « 9 seem 
O2 ■ I scan 
Power = 100 Warn 

The PECVD oxide film is deposited using a Technics PECVD system. This 
generates a 30KHz plasms over a cask area of 300mm in diameter. The deposhion 
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b 250°C on the substrate, the pressure b 400 mTwr and me power U 30 Watts. The source 
g M e.w^oSiH 4 «adN^(S£H 4 :NjO-2:3X The deposWoo rale it about 
1.2um/bour. Doc to the Hmhed area, no more than four wafers can fit into the chamber. The 
etch rates ( listed In abb 32 ) sre much closer to those of thermal oxide, indicating the film b 
less parous. 

XZ2 Experiment Descripikms 

AH of the SOO samples are prepared using a Headway manual photoresist spinner. For 
each coating, about 3 ac/s of spin-on glass is dispensed onto a 100 mm Si wafer. This is fol- 
lowed by a 3000 rpm spin cycle for 20 seconds. Two baking cycles in a VWR correction 
ovens ( 120°C for 30 minutes and 200°C for additional 30 minutes ) are used to drive me cast- 
ing solvent flom the film to complete the SOO film preparation. These SOO films are then 
annealed in a Tylan fumance under various conditions to study the effects of anneaBng on the 
film properties. The annealing temperature ranges from 400°C to 950*C with two ambients: 
oxygen or nitrogen. For the msterial studies, the samples are analysed following the anneal 
For the dielectric studies, a sputtered aluminum film is patterned to form the electrodes on top 
of the annealed SOO films. 

The film thickness is measured with a Nanospec AFT and dm refractive index measured 
with a Gartner effipsometer. A Fourier Transform Infrared (PTIR) spectrophotometer is used 
to measure the IR absorption spectra of the films. Room-temperature stress is measured using 
an optically levered stress gauge (OLSG M15-16] Another specially designed hot-stage stress 
gauge ( HSSO ) is used to determine die m-situ stress variation during annealing. The capaci- 
tances with the spin-on glass film as the dielectric are measured with an HP 4275 A multi- 
frequency LCR meter. The dielectric constant is calculated from die capacitance, the electrode 
area, and the film thickness. 

33 Coating Properties 
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RniimfceliarM.t^ 
time as more material ii removed from the wafer. The thickness will sstnrste * a 



*toe after a finite amount of spirming time ( e4- about 8-10 seconds tor a nonnal pbo- 

.omto) ftisdeshibk to operate ttei«x« to tte 

je,^ m mm iWckneaw erf SOG-208 and ICT-200 am plotted a^ 

RgA mi ackne»toesser*^yccmsm^ 

Cbmpmtd to other polymer fihna. the S00a tea* tte Itaal lificto ta a m 
m low vtocoshy and high vapor peasant of the solvent c» e^ to to« eelllb, toe 
according to the coating model proposed by Flack et al [10]. Because of the low viscosity, 
of the excess HquM is spun off the wafer m a toner toe; the Hah vapor praam* 
,he solver* m leave the Mm at a b^^ According to the model, both effect* 
lead to ahoiten tne toe when convex 
lime regime when advent evaporate dominates to 

depends on the material properties and is weakly dependent on the spinning toe. Conse- 
quently, the film thickness stays constant sfter a short spinning time. Based « W. a apta- 
ntngtimcof20 aeconds to chosen far later eaperiments. 

R>r ai»y grm SOO, the moat eoiiBwm^ 
ing the spinning speed. Rg.7 shows the film thickness after 200°C bake versos apimring 
speeds for SOG-208 (Rg-7(a)) and 10-200 <flg.7(b)>. Over to range between 2000 rpm and 
6000 rpm, the thickness of SOO-208 cm be predicted by 

.3018 : O) 



and that of IC1-200 by 
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Fig3.6 The film thickness versus the spinning time for (a) SOO-208 and (b) IC 1-200. 
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RgJ.7 Hie film thickness versos the spinning speed for (a) SOO-208 and (b) ICl-20a 
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wherc w is tbe ginning speed in Kftpm. As cm be teen tan Hg.7, for a given SOO 
material me nnge of ta thickness is Baited. If a much thicker ( thinner ) film is desired, 
either mother SOO with a higher ( lower ) viscosity and/or higher ( lower ) solid cements 
should be used. Mnltiple-cosling is another way to increase the film thkimrw 

AH die data in Rg.7 are taken after TXXfC bake. The following high temperature anaeal- 
tag will further decreases the film thickness. Table 3 J fists the shrinkage factor ( defined as 
the film thickness after a 30-minute 40CTC annealing divided by the thickness after 200°C bake 
) for both SOG's in Na and O2 ambients. 

Table 33 The Shrinkage Factors of SOG's After Annealing 



SOO 






*h 


o» 


SOO-208 


92 


.71 


IC1-200 


9% 


93 



SOG-208 shows more shrinkage tfam I CI -200 in both ambients, and Oj ambient introduces 
more shrinkage than N 2 does for both SOO ' s. 

3-4 Material Properties of Some Spin-On Glasses 

3L4J IR spectra. 

The TOR absorption spectn of bare silicon wafeis were measured using a Nlcolet 60SX 
FUR. Hie digitized spectra are stored on a hard (fist TTie 022pm SOO films are spin-coated 
onto a wafer, subjected to core at 200°C and the F1TR spectn measured. Tbe films are 
annealed at 450°, 600° and 900°C in different ambients and the F1TR spectra retaken. Special 
features due to the substrate are eliminated by subtracting the appropriate bare wafer spectrum 
ton die SOO-coated spectrum. The IR spectra of SOO-208 after 200°C baking is shown in 
Fig3.8 with each major peak labeled. The spectraafter annealing at 450°C 600°C and 920°C 
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R«3.8 Tge IR spectrum of SOG-208 tfttr 200°C bake. 
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ta n, ambient are ihown to Hg3.9(a) for me imge between 400 and 4000 an" 1 . whOe 
PigJ.9(b) gives the data for ssmples annealed in O, ambieat AH me measuremem* are made 
at room temperature in a (by nitrogen ambient. Hie most interne absorption peak of SM) 
bonds, doe to the asymmetric stretching mode. Is located between 1060 and 1080 aa 4 . The 
tocanon of this peak changes with annealing sempeiatare and ambient as shown in RgJ.10. 
Both curves shift to lower wave numbers st 450°C and bom reverse that shift after annealing at 
higher temperatures. The initial shift ( 450°C ) is smaller for the sample subjected to the oxy- 
gen smeaL The peak for me oxygen-anneakd aample drifts, to its final positkm by ©WC, as 
opposed to the mtrogen-annealed sample, which ttffl has significant shifts between M0*C and 
920°C The results shown in FjgJ.10 are ccmsistem with the more general observation that the 
oxygen ambient causes compositional changes to occur at tower temperatures than does the 
nitrogen ambient to be presented below. 

There are two absorption peaki assodsted wimOHbondimthemm:thepeakat940 
cm" 1 and me extended region between 3200 and 3 800cm- 1 . The broader peak between 3200 
cm -1 and 3800 cm" 1 is the sum of me absorption peaks associated with the OH bonds, with 
the absorbed water and remaining solvent, while the 940 cm" 1 peak arises from the stretch of 
silicon-bound hydroxyl ( sflanol ). The areas under these two peaks which give the relative 
concentration of these OH content me integrated by the FITR system and are ahown in 
Rgj.ll u a function of the annealing temperature for SOG-208. The OH profile for the Oj 
annealed nuns in FigJ.ll(s) follows dosdy to the Si-OH profile under the same annealing 
conditions shown in Hg3.11(b), imitating the amount of absorbed watet/nlvent is small 
However, using the 920°C data as a reference, the film annealed in shows a larger absorp- 
tion peak it 450°C and 600°C in the 3200 - 3800 cm" 1 ranges compared to the SI-OH peak at 
940 cm -1 . This shows that the film contains some watentolvent molecules even after 450°C 
and 600°C annealing. It is worth noting that the OH concentration is consistently lower when 
annealed in the Nj ambient than that in the Oj ambient and the highest absorption occur after 
600°C annealing in O* Annealing at 920*C in either ambient reduces the OH content to a low 




Figj.lO Si-O peak positions versus annealing temperatures for SOG-208. 
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(b) 



RgJ.ll lnttF»tcd IR peakareasfcr SOO-208 versos annealing temperatures for 
tbe extended OH peak ( 3200-3800 cm -1 ) and (b) Si-OH peak (940caT i ). 



-73- 



leveL 

One of the main residues in the cured film is the sfficoo-bound methyl group. The 
ttretdung mode of Si-CH, jim a peak at 1270 car 1 in the IR spectra. Tire areas onder the 
S^ 3 peakofSOCM0Siunuarepk*re^ to 
Nj, the organic group concentration decreases less than 3ft after fire 450*C annealing. Bren 
after «XTC in 1^ for 30 mtaites, ni^ 

fib*. All the organica are gone after ameafinf at 920°C As previously nrentioned, O, Is a 
more effective ambient in oxidizing oganies. Two thirds of tire methyl groups are gone after 
30 minutes at 450»C in 0, and at 6OTC or above, alinost an of them are gone. Tire difference 
between the two annealing amWents in ure temperatures itquired to remove all the organic* 
confirms the observations made from the positional changes of the mam SW) peaks in 
HgJ.10. 

The complex behavior of the S-O peak position depicted in Hg.3.10 must be considered 
in lighi of an me complicated compositional changes mat occur during curing. This is because 
the presence of watertolvent. organica. and sfflcmvbound hydroxyl should each have an 
impact upon ure strength of fire ShO polymer bond. The shift of fire SK> peak to lower 
wavenumbers is attributed to loss of waterAorvent due to heating in the 200*C lo 450*C range. 
However, the oxygen ambient is more effective than nitrogen at low temperatures in removing 
orgamcs and m adding Si-OH. The toes of organJcs and the addition of Si-OH b assumed to 
have the effect of shifting fire SKOpeak to Wglrer wavenumbea. Thus, white a anneal 
in either oxygen or nitrogen causes a shift to lower wavenumbers due to watofrolver* loss, 
fire shift is less for oxygen ambient since mom organics have been lost and significant Si-OH 
baa been formed as a result In oxygen ambient, fire fonnafion of Si-OH appears to be an 
important step that mediates fire toss of organics at low temperatures, and the fonnafion of 
glassy SiO> The glass formation under nitrogen does not occur untfl above 6OTC In fins 
case, Si-OH formation may not be a significant intermediate step. 




200 300 400 500 600 700 800 900 1000 
ANNEALING TEMPERATURE ( C) 



Fig3.12 Integrated Si-CH 3 peak areas for SOG-208 versos annealing temperatures. 
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The IR spectrum of IC1-200 after 200"C baking is shown to HgJ.ll The spectra after 
annealing ire shown fat HgJ.14. The locations of the main Si-O peak for different annealing 
ttjpentmes and smbia* are shown In H»A15. The coBpoaWonal changes mvoked to 
«plaintfaepeakabiftsofSOO-2a te 
IC1-200. It illustrates some significant differences between iheae two SOO materials, to 
RgJ.15, the initial peak position after the 200*C care is mocfa lower, and the drop upon heat- 
ing to the 450°C is also much smaller, than that observed for SOG-20*. This is probably 
because sD solvem for !Cl-20a«iUkeSOO-208,bBS been r^ Other 
factors, such as tower initial Si-OH content, may also be playing s rote. For IC1-200, the oxy- 
gen ambient becomes effective at extracting onjanlca and fannm^ 
above 450"C This causes the observed shift to Ugher wavenmnbeit. A similar effect of the 
nitrogen ambient does not begin umil temperature b greater man (XXTC and glass formation 
may not be complete, even at 92STC Generally. SOG-208 and B differs markedly in their 
solvent/polymer interaction. 

As can be seen from HgJ-16, die OH coment is very low after 450*C annealing in either 
an O3 or N} ambient. At 600°C only Oi anneaHng increases the OH concentration. Anneal- 
ing « 920°C in O, can remove most of the OH groups from me film. The OH content 
remains low for aD snnealing temperatures maty ambient. The orgsnics (Rg. 3.17 ) are all 
gone in an O3 ambient at an annealing tempesaturc of 600°C or higher. However the Nj 
ambiemcanixA oxidize aU of the Ol, groups u^ This is consistent with the mtespre- 

tadon given for Hg3.15. 

The IR spectra of IC1-200 are more sensitive to me annealing ambients for the tempera- 
ture range studied than those of SOG-208: O, seems more effective to converting the IC1-200 
film into SXh than 1% Since aluminum metallisation limits the processing temperature to 
500»C or tower. IC1-200 can provide a stable film with very little OH concentration with a 
450°C annealing to Oj. This is important since the polar OH groups wiD respond to ax. sig- 
nals and thus increase the dielectric constant If high tenuwatures are allowed, such as 920°C 
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Rg3.17 Integrated Si-CH 3 peik areas for IC1-200 vena annealing 
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faoth films possess good material properties. ^ 

3A2 Stress Measurement. 

Two stress measurement systems hire been used to study die mechanical behavior of 
spin-on glass films: s room temperature optically levered stress gauge ( OLSQ ) tor observing 
the filmy aftw amealfay, and a hot stage stress gauge ( HSSO ) that permits faMta measuring 
erf stress during annealing. In both systems, the radius of curvature of a wafer is measured by 
an optical lever and the bare wafers are measured prior to film deposition to ritrntn s te the con- 
tributioo of inherent wafer waipage. Bar the OLSG room temperature system, a laser beam is 
reflected from the wafer as the wafer is translating across the beam spot rod detected by a PIN 
diode mounted on the translating stage. The radius is calculated from the displacement of the 
reflected beam. The same process is repealed at aeveral poirtts on the wafer to improve accu- 
racy. The in-sitn HSSO system uses an oscillating minor to scan a laser beam over the wafer 
surface instead of moving die wafer on a trad: as in the room temperature stress measurement 
system. The wafer is held stationary on a hot plate in the HSSO stress measurement system, 
and is separated ftom the cool ambient by a ceramic lid, which has a narrow sib that allows 
the laser to scan across the wafer.[ll] This system has a sensitivity for measuring the radius of 
curvature up to 3 Km. 

For a Si wafer with a small amount of wafer waipage, the stress in die film is given by[ 

12]: 

* tfMtfRtr 

where t, is the film thickness, R is die radios of curvature, t, is the Si substrate thickness, E, is 
the Young's modulus of Si substrate ( with a value of 1.689 xlO u Nftn* ), v 9 is the Poisson's 
ratio of the substrate ( with a value of 0D64 \ The stress is tensile ( positive in sign ) if the 
waipage is concave an the coated side and is compressive ( negative in sign ) if convex. 
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Rg.3.18 Room temperature siren of SOO-208 verms annealinf temperatures. 



Typical results obtained fiom room temperature stress measurements of 6000 A thick 
SOO-208 films are shown m Hg3.lt. The stress Is km for all the samples annealed in 
different conditions ( less than 10*Pasc«L) The tensile stress increases after 450«C annealing 
as compared to the as prepared fflm with 200*0 bake. This is due to additional film shrinkafe 
at higher annealing tenmcratures. After 920"C annealing, the film shows a kw eompresshe 
stress at the room temperature The results of room temperature stress measnrements for IC1- 
200 give similar results and the stress kvel is slightly lower than that of SOG-20S. 

. R g3.19 shows the In-situ stress measurements of a 4000 A thick IC1-200 film for two 
maximum tempersmies: 440°C and 60CTC The caves labeled H represent die beating cycle 
with a healing rate of lFCfriin. The Glsbeled carves represent the eocfltog cycle. The cool- 
ing rate is 10*Omin down to the chock temperatcre of 100*0, then it a much slower rate as 
me air cooling is less effective below this temperature. The samples are held for 30 minutes at 
the highest tnnpentures, 440°C m (a) and 600°C in (b) between the heating cycle and the 
cooling cycle. Holding the film at the high temperamre increases the tensile stress. The 
increase is larger for higher temperatures. During the cooling, the stress does not change at 
an. It remains almost the same stress level as mat at 440°C and is sbghtty lower man that at 
600°G : Again all the stress is relatively low ( around 10* Pa. ) compered to other deposited 
oxide films of comparable thickness. For IC1-200, tire increase in tensile stress at temperature 
> 200°C is small indicating that additional shrinkage for IC1-200 Is small 

&5 Dielectric Properties of Some Spin -On Glasses 

35J Dielectric constants: 

As part of the imerlayer dielectric film, the SOO should have acceptable dielectric proper- 
ties. The dielectric constants ( t, ) of both SOO-208 and IC1-200 have been characterized 
after various annealing cycles. The dielectric constant is measured using capacitors fabricated 
on aluminum-coated Si wafers. If s high annealing temperature is desired, a heavily doped Si 
wafer is used instead of the Al-coated wafer. The thickness of the SOO films is adjusted to 
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near 2000 A by choosing the appropriate spinning speed. Alter me oven bake and the far- 
nance — K tfln g , another layer of aluminum is sputter-deposited and patterned as the top elec- 
trode. No special care is taken to keep die wafent from moisture. The capacitance is meas- 
ured by a HP 4275a imilfrfrequency LCR meter for the frequency range from lOKHi to 
lOMHx. For each SOO and annealing condition, 10 capadtoa are measured and the averaged 
data are listed in table 3.4. 
Table 34 The Dielectric Constants and Dissipation Factors ( In parentheses tefSOGa 





SOG-208 


Id 


•200 


LTO 


Annealing Ambient 




Qa 




Xh 




lOKHz 


193(30) 


283(50) 


335(j010) 


435 (.008) 


93(303) 


lOOKHz 


16.1 (.14) 


163 (31) 


331(309) 


438 (.012) 


93(339) 


1MHz 


153 (.07) 


143 (.12) 


339 (319) 


439 (.026) 


83 (.14) 



SOG-208 abows much higher dielectric constants than IC1-200 does for an the annealing 
conditions. The e, values of SOG-208 are several times higher than that of pure silicon diox- 
ide ( e, = 33 ). The films are leaky at low frequency ( lO KHx ) as can be seen from the high 
values of dissipation factors; therefore, it is difficult to measure the exact values of e,. But the 
data show that die dielectric constants are much higher than 33 for bom anne a ling ambients. 
The dielectric constants of IC1-200 are lower and much closer to that of SlOj. Annealing In 
an inert ambient ( Nj ) results a tower dielectric constant dian for an oxidizing ambient (Oj). 
The lower t, is attributed to the presence of reridual organic groups toft in the film. 

The effects of frequency on the dielectric constants are shown in Rg330. For SOG-208 
( Hg.330(a)X me measured dielectric constant decreases as the frequency increases from 
lOKHz » about 1 MHz. Fig330(b) shows the e, values of 1C1-200 stay at a constant value 
for each curve up to above 1MHz. 
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RgJ.20 Hie dielectric constants versus the measuring frequencies for (a) SOG-208 
and (b) IC1-200. 



The dielectric constant it known to hive a gum* conetation to the moteme content in 
the fflm[7]. High H,0 conccntntion tends to ftam the Wghly polarizabk SW)H bonds and 
thus iiKiesse the ddectn^coi^ SOC208 is shown to have Ugh moisture in the film after 
annealing, and the concentration can only be reduced at very high annealing temperature ( > 
9WC). The moisture content fax IC1-200 is shown to beearemdy low. especially after N, 
annealing. The measured data in table 3.4 are consistent with the discussion above. 

33 2 Dissipation Factors, 

RgJ.21 shows the equivalent circuit of a lossy dielectric The conductance models the 
leakage mechanism in the film. If a signal V is applied between the two temmmls in Flg321. 
the current would be 

j = (jwC + G)*V 0© 

The dissipation factor, defined as the ratio of power dissipated by the conductor to the power 
stored in the capacitor, is 

n -gy 3 -- 0 - oA/t - °~ (ID 
jwCV 1 wC we,A/t we, 

„_!_ on 

wex- 

where p is the ax. resistivity at frequency w ( = 2f ). 

For a dielectric used fat the multilayer intereonnecnon technology, a high resistivity fat 
desired. The measured dissipation factors for SOO-208. 10-200 and LTO are also listed in 
table 3.4 ( in parentheses.) The calculated ax. resistivities are listed In table 33. For most 
cases, the resistivity of SOG-208 is about two orders of magnitude lower than that of ICI-200. 
Again, this can be related to the fact that the annealed SOG-208 film contains a Wgh moisture 
content, which is known to generate deep-level traps in the oxide and conduct current LTO 
film shows tow ax resistivity at high frequency ( lMHr X possibly doe to the moisture 



RgJ.21 Hie equivalent circuit for a looy dielectric fiha 
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content in the as-deposited film. 

T»bU 3S Hie AJC Itolitiftty ( p - ) of Annexed SOGi ( hi MO-on ) 





SOG-208 


ia 


•200 


LTO 


Ameding Ambient 


*h 


Q* 




Q» 




lOKHz 


18 


7 


5000 


5200 


6500 


lOOKHz 


8 


35 


570 


350 


50 


1MHz 


1.7 


IjO 


26 


16 


1.4 



333 Breakdown Field. 

i 

The brea kdo wn filed distribution measures the defects in a dielectric film. The residual 
hydroxy! groups and organic groups in the SOO films can generate traps in the oxide bandgap. 
This research will study the effect of different compositions of SOO films on the d efe c t density 
after annealing. 

The breakdown fields are measured by MOS abactors fabricated cm silicon substrates 
with the SOO film as the dielectric film. The capedtor areas are all around 1 mm 2 . The J-V 
characteristics of each sample are taken by an HP 4 143 curve tracer. Due to the defects in the 
film, the I-V curves generally show soft breakdown, Le. current increases smoothly with 
increasing voltages. Therefore, a critical c urrent of 1 mA/cm 2 is used to define the breakdown 
field. For each film, 30 capadton arc measured and the resdts arc rixwn in HgJ.22. 

SOG-208 shows the lowest breakdown field ffistributian ( between 05 - 1.0 MV/cm X 
IC1 -200 shows better results ( between 25 - 35 MV/cm ) and LTO gives the highest values ( 
above 5 MV/cm ). For all the samples, very low currents (less than 10 jiA/cm 2 ) are meas- 
ured when the applied voltages are 5 V below the breakdown voltages ( * 20 V for SOG-208, 
* 60 V for IC1-200 and * 75 V for LTO.) TUs incficates that the defect densities are low for 
an three films at their respective thickness. Both SOO films have very tight distributions of 
breakdown fields ( within +A 05 MV/cm ) compared to that of LTO ( 3 MV/cm difference 
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BREAKDOWN FILED DISTRIBUTIONS OF SOG'S 




BREAKDOWN F1XD f Mtf/cm ) 



RgJ.22 The distribution of breakdown fields for SOG-208, IC1-200 and LTO. 
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between the highest and die lowest valoesj The tight distributions suggest that those defects, 
resulting to lew brcifckra fields, ire Tbe defect 

density of LTO Is so low that die probability of hitting a capacitor with modi fewer defects is 
Ugh enough to show up in the measurement©^ All die breakdown Adds meat- 

wed here are signlficsrtly low In mat 

multilevel interconnection applications, another ifielectric fihn is added to increaae the total 
thickness and the electrical field encountered Is usually less than 10 V^i ( ■ dlMVAsn X 
therefore, the low breakdown fields of SOG films do not pose serious problems for most appli- 
cations. 

3JA Surfkce Resistance. 

When SOG films are used in multilevel interconnection applications, non-etchback planar 
ization processes are simpler than etch-back processes as mentioned before. An Important 
requirement for non-etchback pr oce sses is that die SOO films covering die metal patterns can- 
not conduct appreciable currents to cause crosstalk in die circuit. Tbc amount of die latent 
leakage is measured by die surface resistivity, which is die voltage to current ratio between two 
parallel conductors. To prepare the experimental samples, sputtered aluminum films of 1 pn 
thickness are patterned over a 3000 A oxide film. Tten a 2000 A SOO film is coaled, and 
annealed at 450* C for 30 minutes in N* Another 3000 A LTO film is deposited as the pas- 
sivation layer. The testing vehicle is a comb-shaped pattern with mother serpentine pattern 
running parallel to the teeth of the comb-pattera ( Ftg323(a) ). The spadng between the two 
patterns is 2 Jim and the total length of these paraDd edges is 83 mm. Tbe voltage is recorded 
at which die current exceeds 1 nA/tm ( RgJ23(b) X SOO-208 shows very complicated 
behavior in this experiment The current density between the two paraDd patterns starts to 
exceed 23 jiAAsn around 20 V. If die Idas is held at this voltage, the current decreases gra- 
dually to below l>iA/cm. If die voltage is increased after dds "self-curing* process and the 
current density is kept bdow 2^iA/cm, die SOO-208 film can sustain up to 400 V( the 
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maximum value of the power supply.) The ramping rate of the voltage in this caae It usually 
limited to below 2V/rec If the voltage is increased faster, such as 20V/M&, the SOG-208 
films breaks down between 30 and 60 V. In fids ftst-mnping mode, permanent damage is 
done and the film is leaky after the breakdown ( p g < IMQfcm X The IC1-200 fitan has less 
complex behavior in the surf ac e resistivity measurement the breakdown voltages are higher 
than those of SOG-208 and the I-V curves ihow a sharp breakdown. More ten 40% of the 
measured data give a surface resistivity higher than 2xlO n Q£3 and sD the tested results ate 
higher than 10 ,2 OO. For most VLSI circuits operating at a 4V power supply, both SOG-208 
and IC1-200 films can provide good isolation between parallel metal lines. But in the applica- 
tions where voltage spikes much higher than 5V are present, eg. at the inputAJutput ports* 
IC1-200 films provide better protection and are less likely to result in permanent 4 m vtgr 

3SS Via resistance 

In non-etchback applications of SOO, the Al pad is exposed to (he SOO film. Moisture 
in the glass can affect the deposition of die next layer of ■famfomn *nd "poison* the via, 
resulting in an exceedingly high contact resistan c e . Both SOG-208 and IC1-200 have been 
tested in a non-etchback planarization process. No tpedal care is taken to keep the samples 
from water. In feet a deionized water rinse is perfumed after every etch step ( aluminum, 
oxide, and resist) The native oxide on the first layer aluminum in a via is removed by dipping 
the sample in a standard aluminum etcher for 10 seconds. Then the sample is rinsed, qwn dry, 
and put into the sputter dumber directly. After the deposition and patterning of the second 
layer metal, a 400°C sintering is performed in forming gas ( Nj/Hj). If the dip is omitted prior 
to the metal deposition, both SOOs show a contact resistance higher dun several M£2s per 
contact With the dip step in place, SOG-208 still shows a high contact resistance ( 200 
MO/conuctX A 2jim by 2m via Aows 02 Q per via with fix 1C1-200 SOO. 

3.6 Summary 

• Both etch-back and the non-etchback planarization processes using spin-on glass have 
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been examined. It if found that the simple etch-beck process U severely challenged when the 
underlying metal apace h less dun 1.2pm. For the noo-etchback process, the approach of 
using a dual layer ( 02pm SOG/ 06pm CVD oodde ) is not effective in improving the step 
coverage of the following deposition when the underlying metal space it anmnd 13pm. Other 
approaches, such as a thicker SOG film or a sandwich structure, are needed. 

Hie characteristics of two different types of SOG were stxufied as a function of their 
annealing temperatures and amMents. It has been established Oat different annealing concfi* 
tions are required to optimize the dielectric properties for different SOG materials. Hie FIR 
studies clearly showed the presence and abse nce of different organic groups after various 
annealing conditions. It can also be used to determine the presence of bonded OH groups and 
absorbed OH groups after various anneafing concfitions. The IR spectra studies show that the 
OH concentration in SOG-208 films depends strongly on the annealing condition! An inert 
ambient (Nj) generally introduces less OH content into the films than an oxidizing ambient 
(Oj) does. For SOG-208 films, neither annealing at 450°C nor at 600°C can drive off all the 
OH content Only after 920*C annealing can the film be dehydrated. However, IC1-200 
shows a very low OH content film after 450°C annealing in either 0> N 2 or steam. The Sl-O 
peak position and shifts observed can be interpreted in terms of the effects that solvent, organ- 
ics, and silicon-bound OH have upon the S3-0 bonding network. 1C1-200 after the initial 
200*C bake has very Btflc residual watei/wlv en t, in contrast to SOO-208. 

The residual stress after annealing as well as in-situ stress during the annealing process 
have been rtnif rmlned for two different types of SOG materials. Hie stress levels of both 
SOG-208 and IC1-200 films are low tensile after half an hour anneal at 450°C and 600*C 
Hie stress is relieved at 920*C and becom e s compressive when cooled to room temperature. 

Hie measured d i e le ct ri c properties of the SOG films are also found to be sensitive to 
annealing conditions. Furthermore, a good correlation has been established between dielectric 
properties obtained from electrical measurements to that of OH concentration in the SOG films 
obtained from FTIR measurements. Dielectric constant and dissipation factor increase with OH 
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concentrations. IC1-200 films stow low dielectric constant. *m vis resistance and median 
breskdown field sfton^vi^ low wnpcrs^ 

mm metallization processes. Bom films provide good dielectric properties if high temperatures 
are allowed. 
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Chapter4 

Considerations on Multilevel Interconnection Technologies 



Two key process steps ( thin-film patterning and planariratkm ) in metallization technol- 
ogy have beendtecos^talteiwrtowdasieB. A new Bft-off process using edge-detection 
<LOra>)isesmimiedmchspw^ 
anon^tchbackplanarizatkmp^ 
ft U shown th*mSOC^TOy500s« 

lowing deposition. Tfce snnesled SOG film shows good cfcctrical properties ( In pMticutai; 
low vi.-re*istance ) for multilevel tateroonnecdon epolications. In tnU chapter, xnetalnxatta 
processes will be studied fiom « miw iuiidsii>eniri i»tat of view. The aim » identify can- 
didste metallization processes that can be !n«diniiwlttleiS^(«f«mtin/l^i»fiiiei^ 
tion Instead of solving the problems created by previous process steps ( ej. using planariza- 
tion as shown fat Fig 35 ). the complete metallisation process Is studied as one unit, and the 
effects of esdi step on the following steps are considered. A large number of process 
lives are examined, and from this comprehensive study we identify 13 generic process 
lives. Each of the 13 cases is examined in detail and examples are given to fflurtrate the 
advantages and difficulties associated with each case. Several promising mrtaHirarion schemes 
sre chosen for more detailed study. 

4 J Metallization Schemes 

MuhOevel-lMeroonnectlcn technology w 
of both conductive and dielectric films. Conducthre lhms arc needed as the ta 
patterns) between devices and subsystems, as well as the interconnects ( vias ) between layos 
of metal films. Dielectric films are needed to separate the adjacent metal patterns, and to 
separate the stacked metal layers. In this section, both the conductive film end dielectric film 
are divided into two regions conesponding to thdr two functions ( Hg.4.1 \ Ml designates 
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Rg.4.1 Hie four legions in a metallization step. Ml is the vis-filling metal film, and M2 
designates the metal film in die interconnect patterns. Dl is the dielectric film that embeds the 
via^whfc 
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the via-filling metal film, while M2 stands for the metal filn fa the iiucrcorai e g patterns. Dl It 
the dielectric film fa which Ml is embedded and D2 the dielectric film nmmBag ML For 
tny metallisation process, in four regions exist, hot they it generally not depo si te d separately. 
For eaumple fa the traditional metallizatifln process, a single deposition step provides the metal 
fining the vias ( Ml ) snd the metal fihn used as the Inter co nn ec t ( M2 X In other processes, 
such as the "pillar via" process as described later, the two metal films ait deposited separately. 

There are 24 ( 4! ) ways to arrange the four regions ( Ml, M2, Dl, D2 \ However, fa 
reaHty Ml is always deposited before MZ and Dl beftst D2; therefore, die total number of 

ordering die four regions is reduced to 6 ( «~ ) as to Table 4.1.- 

Table 4J The twmyt to order Ml &2JD1#1 



0) 


Dl 


Ml 


M2 


D2 


a> 


Dl 


Ml 


D2 


M2 




Dl 


D2 


Ml 


M2 


(4) 


Ml 


Dl 


D2 


M2 


G> 


Ml 


Dl 


M2 


D2 




Ml 


M2 


Dl 


D2 



The first five cases wm be discussed later. The sixth case ( Ml M2 Dl D2 ) represents a 
m etalliza tion p«*»« wMeh *n the metal patterns ( v*at and interconnect! ) are constructed 
first, and then die dielectric fihn is deposited ( FIg.4.2 ). As can be seen from the figure, this 
process is inprobaHe and will not be pursued any further. 

Flanarization is an important issue in the discussion of the metallization process. All the 
planarization techniques available now ( such as glass fellow, bias-sputtered quartz, or spin-on 
process ) can only smooth die local top o gr ap hy rather than level die whole wafer. An isolated 
step several hundreds micrometers away horn any other t op ograph y cannot be plansrized by 
any existing planarization technique. It is then desirable to avoid the need for planarization if 




F\%A2 The process flow of Ml M2 Dl D2. (t) Both die vias and the interconnects ait con- 
structed first, and (b) the dielectric fihn ( Dl ft 02 ) ait deposited and planariztd. As can be 
seen from das figure, it is not practical to pattern the interconnect before die Dl is deposited. 
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possible. For eadb pair of mettl md dielectric Anns ( Ml D l and M2 D2 ), a pianariianon 
prom It genemlly needed If the metal fibn b depwlted ,dor to Ite ffietocrtc fflm ( Ml < Dl 
orM2<D2). If the dielectric fin is depwtod flat, it to 10^ ferwiri to cwie procaw 
to which putuuizsnon to not needed. Anmning thb tni^to tnxften farthe Are c^^ 
wfll discuss toter. tally processes ( 2 ) and ( 3 ) beta* to di« ibr i*icta we cm «vcM 
need far ptonarizttkm. 

The two patterning process su^csielbrvisaandonefor metal patterns, can also be 
categorized according to lone". We define bright field to e-pttem process in which the 
feature ( via or metal line ) if represented by «n cpeque area on the xriasr for posithre resist. 
Daik field to the opposite. The vias are defined by the lithography process LI and the metal 
patterns by 12. If the dielectric film ( Dl or D2 ) to deposited before the conespondmg metal 
film ( Ml crM2 ), the patterning process ( LI or L2) must be perfonned prior lo the metal 
dejx»Wonproa« to enure the nxm If the metal film to cVroitiednrit, the 

patterning process should precede the deposition of the dielectric film to remove the excess 
metalfihn. Uaing a telf-evident notation we can fmnmarize as followr 



Dl < Ml *> LI < Ml (Is) 
D2 < M2 -> L2 < M2 (lb) 

Ml < Dl «c* LI < Dl <lc) 
M2 < D2 -> L2 < D2 (Id) 

In which < or > refers to time ordering, not magnitude. 

Some general remarks on the metal deposition and patterning processes can also be made. 
If the metal deposition ( Ml or M2 ) precedes n^ pstwinng pnxess ( LI or L2 X • blsntat 
deposition to used to put down the metal and an etching process to used » pattern me metal 
film. If the patterning processes is condncted prior to the conesporefing metal deposition, an 
additive ^iteming is usually used. Either the resist "guides- the deposition ( eg. electrolm 
pUting ) or the resist is dissolved to selectively remove unwanted portions of the film ( lift-off 



X If there is another patterning process step between be patten** process and the meld 
deposition ( LI "L2" Ml ). lift-off an not be used because tbe patterning xtsist (as in LI 
) is malty destroyed by the following litho^^ 

Another impoitaot assumption made in Ibis discussion is that the patterning material used 
in either LI or L2 is not compatible with tbe dielectric deposition process. Although the posti* 
Hilly of using same high-tempersmre patterning materisb or a low-temperatnie deposition 
p roce ss should not be mchidrd in a complete discussion ( indeed we have demonstrated a Hft- 
off based isolation technology using PHOTOX*f4] ), thfcse processes ait not practical at 
present Therefore, sane combinations such as ( LI Dl Ml X which requires the via pattern- 
ing material to sustain the deposition process, will not be considered The general rule is 

IfDi < M| then D*<1* CD 
Each of die five cases will be discussed in more detail in the following subsections. 

4X1 Process d\ Dl Ml M2D2 

A common advantage of this case is that the Dl deposition of this process is immediately 
after the D2 deposition of tbe previous layer, then these two layers can be deposited by a sin- 
gle deposition if desired. In this cue, Dl is deposited before Ml; therefore, LI should pie- 
cede Ml as required by (la). Fran OX LI cannot be the fim step; consequently, the onto for 
via-relatsd process is Dl LI Ml. LI in this case is die via-opening process ( Le. dark field 
lithography and dielectric etching ). Since M2 is deposited prior to D2, (Id) requires that 12 
be completed before D2 deposition. There are five potential choices for locating L2 as l abele d 
by Q) to (v) below: 

L2 prior to (0 Dl CO LI (Hi) Ml (iv) M2 (v) D2 

Order (0 is not allowed for die same reason that derives requirement (2) in tbe last section. 
Order 00 is also not practical unless LI and L2 use different material for patterning; otherwise, 
the LI process wfll remove die L2 material ( Le. photoresist ). Order (Hi) to (v) will be dis- 
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in detail wiihlheircnw-sectktt. 

(A)D1 U 12M1M2D2. 

After the completion of the previous mffilHration process, a dielectric fflm ( Dl ) is 
deposited to the tHdmess of the desired fatter-layer dfrlrctric film thickness ( Hg.43(a)X The 
daric-fidd via mask is used in lithography and an etching step opens the via to the underlying 
metal pattens, followed by a rtsist-stripping process ( H*4.3(b)). Another lithography step ( 
L2 ) generates die metal patterns cm die substrate ( Rg.4J(c». A daik-fidd metal made, on 
which the metal patterns are tr ans p are nt, is used since die metal fflm is yet to be deposited into 
the pattern areas. Now the substrate is ready for the metal deposition ( Ml and M2 X One 
way to deposit the metal film is using a blanket deposition aO over the substrate far both Ml 
and M2 ( Rg.43(d)X Then a Kft-off process can remove the L2 photoresist and die excess film 
on top of it, kaving die filled vias and metal patterns ( Hg.4 J(e)> A second di e le ctric fflm 
deposition and a pianarization process ait needed to complete the process ( Rg.4 3(0). An 
alternative way to deposit die metal films is to put down Ml first, then M2 by another deposi- 
tion. A lift-off process cannot be used to pattern Ml because the LI resist does not exist in 
this step. Low-temperature selective deposition, such as elcctrokss plating, can fill the Via ( 
Hg. 43(<T)X and a aekctive deposition or a lift-off process can put down M2 ( HgA3(cO). 
Similarly, a deposition and a pianarization process are needed for D2 ( Flg.43(f)). 

Hie process using a blanket deposition for both Ml and M2 ( Fig.43a4>A<U/ ) is the 
Hft-off process described in chapter 2 and in cKher lift-off papentl-5). The step coverage of 
the metal deposited imotheviaisoneofthekey limiting factors for this p roc ess . An aspect 

ratio over one(e* + 0^ dielectric , u)1|e ^ encountered in todays 

v * 1.0pm wide via 

microelectronics process. Tapered sidewalli of the resist or of the vias can help die step cover- 
age with additional complexity to the process. The other process ( Flg.43a&c 4jtS ) is a 
combination of a selective via-filling process and an additive thin-film patterning process for 
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Fig.43 The process flow of the Dl LI L2 Ml M2 D2 sequence, (4) A dielectric film ( Dl ) 
is deposited to the thickness of the desired inter-layer dielectric film thickness first (b) Then 
the dark-field via mask is used in lithography and an etching step opens the via to the underly- 
ing metal patterns ( LI ), followed by a resist stripping process, (c) Another l i thogr ap h y step ( 
L2 ) generates the dark-field metal patterns on the substrate, (d) A blanket deposition aD over 
the substrate is used for both Ml and Ml (e) Then a lift-off process can remove the L2 pho- 
toresist and the excess film on top of it, leaving the filled vias and metal patterns. 00 A 
second dielectric deposition ( for Dl ) and a penalization process are needed to complete the 
process. (d v ) An alternative way to deposit the metal films is to put down Ml selectively first, 
(e*) and a selective deposition or a lift-off process can deposit M2. Tbc process is completed 
by depositing D2 and planarizing the to po g r ap hy. 
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metal patterns, and provides bener step avenge m the via than the fust one. Bom prociaaa 
nquire « pUnarizadon process for D2 if a seasonably flat topograph? U to ictah. Bvenwima 
g aansrixati on step ( such at bias apaneied SlOj deposition ) the topography f enetate d in fids 
step ( equal to die thickness of M2 ) wfli accmnalate as more snd more layers are added 

(B) Dl U Ml L2M2D2 

In tMa case, the L2 patterning process separates dw two metal deposition p ro cess e s. The 
first two steps ( Fig.4.4(a) and (b)) ate similar to the previous ease, except that the LI resist is 
not necessarily removed. If a lift-off process is used for Ml, the LI resist can serve as the 
lifting medium. If Ml is deposited selectively, the resist may be removed after the vias are 
opened. After the Ml deposition ( HgA4(c)). a second lithography step using a dam-field 
metal marie patterns the L2 resist on the substrate ( Ftg.44 (d)X Either a selective deposition 
or a lift-off process can be used for M2 ( Hg.4.4(e)X The process is completed by the D2 
deposition and a planarization step ( HgA4(f)). 

The via filling pan of tins process is reasonably planar, however the metal pattern results 
in an unfavorable topography . Planarization b) essential, and as in the previous esse the prob- 
lem of accumulated topography remains. 

(C) Dl LLM1 M2L2D2 

The first two steps in mis case are similar to those in die first two cases ( HgA5(a) and 
(b)X The LI resist must be removed If a blanket deposition is used for bom Ml and M2 ( 
Rg.4.5(c)X If a lift-off process or a selective deposition is used for Ml ( Hg43(OX dm LI 
resist can either be used as a lifting medium or be removed. A blanket deposition of M2 is 
needed because L2 follows M2 ( Hg.4J(d)). The M2 film is patterned by a bright-field metal 
mask and an etching step (Hg.4J(e)X The dielectric film D2 is then deposited and pisnaraed 
(Rg.45(f». 
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(c) (t) 



Rg.4.4 The process flow for Dl LI Ml L2 M2 D2. (a) A thick dielectric fa deposited first, 
(b) foUowed by the dark-field via lithography, (c) Ml is then deposited either by selective 
deposition or by lift-off. (d) A second lithography step using a daik-field metal made pattens 
the 12 resists on the substrate, (e) Either a selective deposition or a lift-off process can be 
used for M2L CO The process is completed by the D2 deposition and a planarizaiion step. 







« a m «ru- <mmm flnw for Dl LI Ml M2 L2 DZ. (a) A thick didcctric film it deporited on 

^^S^A^ M^abffidepodtka (e) Tte MUfrfleld metal nm*. b «ed 
£. ( 0)lS5y «he diekSS^Z * depend nd ^n-ted. 
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The blanket deposition process ( Rg^Ja.bAe/ ) is the traditional mrtimrarton process 
and coven most reported metallization processes [6-8]. Tbc other process ( Rg.4JaAc\(UJ ) 
Is also proposed by some ambon, and anally the vta-fiffing processes ate stressed in their 
reports P-11J. As in the previous caae f ptanarizatton of the cfidectxic D2 b stfll needed, and 
topograp hy still accumulates over metal layers. None of the variations on process (I) can pro- 
vide a truly planar topography* 

4X2 Process <% Dl Ml D2M2 

In this case, Dl is deposited before Ml; tfans LI should be completed before Ml (la). 
Similarly L2 should precede M2 because M2 is deposited after D2 (lb). Also from QX LI 
must be carried out after Dl and L2 after D2. As a result there is only one way to insert LI 
and L2 into the array: 

D1L1M1D2L2M2 

The first two steps in this case are similar to the previously discussed cases. A layer of dielec- 
tric film is deposited ( RgA6(a)) and vias are opened ( Hg.4.6(b)). The Ml can be deposited 
cither by a lift-off process or by a selective deposition process ( Hg.4.6(c))» The process is 
repeated for the D2 L2 M2 sequence ( Hg.4 JKdHO). Hie etching step in Fig.4.6(e) should 
have high selectivity so that D2 can be completely etched while Dl remains intact An "etch 
stop* of a different material from Dl and D2 can be deposited after Dl and before D2 deposi- 
tion. 

This process has not been widely examined yet» but the inherent planarization from the 
buried metal films is very attractive for the multilevel Interconnection technology. If a good 
selective deposition process is available, this process deserves most attention in die future. If 
the lift-off process is used for metal patterning, the step coverage, especially for Ml, must be 
carefully examined first The separate depositions for Dl and D2, as weD as for MI and M2, 
add to the process complexity; however die minimal need for penalization potentially 
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(b) 



^2 



M 




(0 



WJS The process flow for DILI Ml D2L2M2. (a) A thick dielectric fibn todeposttedit 
Dl (b) The daric-fidd vias mask is used to generate the via patterns on the dJekcric. (c) Ml 
is (k^oriied selectively or by M-cff. (d) Another dielectric film is deposited «DJWg 
lowedby the dark-field metal mask for L2. (0 The process is completed by depositing M2 
into the L2 patterns by selective deposition or Iffl-ofL 
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outwelgbs this disadvantage. 



4JJ Prccen (3), Dl D2 Ml M2 

m this case, Dl is deposited before Ml, and therefore, from (It) LI rixmld precede Ml. 
From (2) the LI process should be after the depo si ti on of both Dl and DL As ■ result, tbe 
only location to insert LI is between D2 and Ml. Similarly. 12 most cone after D2 ad 
before ML There are three locations to insert L2 prior to: 

O LI (B) Ml Oil) M2 

These three cases win be discussed individually. The fact that D2 is immediately after Dl 
suggests that Dl and D2 can be deposited in a single step. Both Dl and D2 are deposited 
before Ml and M2; thus, in principle no planariiation process is needed for either dielectric 
film. All (he three approaches require a dielectric etch to pattern D2 without etching Dl. An 
intermediate layer deposited before D2 can serve as the "etch stop". 

(A)Dl D212U Ml M2 

A diick dielectric film ( to rite sum of the tateriayer dielectric film thickness and die 
metal film thickness ) is deposited first ( Hg.4.7(a)X A dark-field metal mask fat used in L2 
and the patterns are transferred into D2 by an etching step ( Hg.4.7(b)). Then the p h o tore sis t 
is removed, and another layer of photoresist is applied for LI. Tbe dark-field via mask is used 
in LI and the- viss are opened through Dl to die underlying metal patterns ( Hg-4.7(c)X The 
vias are filled either by a selective deposition or lift-off, and after that the LI resist is stripped 
( fig.4.7(d». M2 is deposited by a selective deposition method as in Hg.4.7(el 

This process has not been widely studied yet [12]. The ftenarized surface after process- 
ing makes fins process very attractive as the building block for multi-level metallisation pro- 
cessr For the Ml der^tiocrsticctJvenleptrttol s preferred lo lift-off-doc tome high aspect 

ratio in this care (eg. LSBB **" + MP* **" ***** + 0.6um dielectric . ^ ^ m 
v * 1.0pm wide via 
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Fta47 The process flow for Dl D2 L2 LI Ml M2. (i) A thick dielectric film (Dl «wlD2 
rUdqxSedW (b) A <huk-field meul oa* is used in LT sad the pram are ttjMtaed 
Lrobvin etching step, (c) The diric-field vii mask is wed in LI rod the v»» «e openea 

SJoftrod after that the LI resist is stripped, (e) M2 to then deposited by a selective deposi- 
tion process. 
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can only be deposited by a selective deposition piooen since the LI process removes ifae L2 
resist. However selective deposition may not be easy to achieve, especially if Dl and D2 are 
die same material. ( In principal a nucleating agent could be deposited after the 12 step, prior 
to resist removal.) 

(B) Dl DILI 12 Ml Ml 

In this case, a thick cBekctric film is deposited as Dl and D2 ( Rg.4^(a)X Then a pho- 
tolithography step using the dark-field via mask, together with an etching step, transfers the 
pattern through both Dl and Dd After the LI resist is removed ( Fig.4 JBQ>)\ another Biogra- 
phy step using dark-field metal mask and an etching step are used, to pattern D2 ( Rg-4J(c)). 
One way to deposit Ml and M2 is to use two separate metal depositions. Ml can be deposited 
by a selective deposition as in Rg.4.8(d). Lift-off cannot be used for Ml since L2 is between 
LI and Ml. Then M2 can be deposited either by a selective deposition or a lift-off process ( 
Rg.4.8(e)). Ml and M2 can also be deposited with one deposition and patterned by a lift-off 
process ( RgA8(e)). 

If the etching selectivity ( - tb ^ A !^f^ C ) is not high enough. Dl en be 

tne ctcn rate of metal 

partially etched in the LI patterning step and completely etched in the next step ( L2 X Both 
processes ( Rg.4.8a f bA<U and Hg.4.8a t b v c f e ) provide good planarity and are good candidates 
for future interconnection technology. In the process using the blanket deposition and lift-ofl, 
the step coverage in the via may be a concern. The selective deposition process is preferred in 
this case. This case is similar to the previous after step (c) If the 12 resist is removed. How- 
evert by retaining this resist it is possibl e to easily deposit or implant a mi citation layer for the 
selective deposition of M2. Thus the ordering LI 12 team to have an advantage over L2 LI. 

(QD1D2UM1I2M2 

A thick dielectric film ( Dl and D2 ) is deposited first as in RgA3(*% A photolithogra- 
phy step using the dark-field via made and an etching step are needed in LI to open die 
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Re.4.8 Tbe process Bow for Dl D2 LI L2 Ml Ml («) A thick dielectric film bdcpostod. 

tonis through Dl end D2. (c) A lithography step using ^^mv^ a^LSLSh* 
instep pattern Dl. «D Ml is deposited by selective deposition, (e) M2 Is deposited by 
selective deposition or Hft-ofl. 
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fig.4.9 The process flow for Dl D2 LI Ml L2 Ml (a) A thick dielectric film is deposited 
(b) A lithography step using daik-field via made and an etching step ait used to pattern both 
Dl and Dl (c) Ml is deposited by selective deposition or lift-off. (d) Dl is patterned by a 
dark-field metal mask and an etching process, (e) M2 is deposited by selective deposition or 

lift-oft. 
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on also be dqwtod eekcdveiy or by flft*»ff(Fig.4*e)). 

TW,c«eiiffanilirtothetwoprevtaiic*fc«. However flic metal Ml must be deposited 
deep with . U£h«pect bole. Selective deposition lor Ml it p«iened to Kft^ff doe » the 
Mgh aspect ratio. The process also results in good planaiity without the requirement of any 



4X4 Process (4), Ml D1D2M2 

Id this cue, Ml is deposited before Dl. end thus LI most be completed before the Dl 
deposition (ic). The LI step cm be inserted either before Ml deposition or after Ml deposi- 
tion ( LI MI Dior Ml LI Dl ). D2 comes before M2, so the L2 step should be prior to M2 
(lb). From (2), we also kixwthatU should be after D2. Thus, ftere are only two possible 
ways to order the process steps in this case: 

LI Ml Dl D2 12 M2 

Ml LI Dl D2 L2 M2 

In both cases Ml it pattered before Dl deposition, and the processes are usually called the 
•pmai" technology [13-14]. ^advantage- t better step coverage for foe vm compared to • 
smgk inetm deposition appn^ I13.14L 

by anyother step, andean be deposited to . atagle step. However if a truly plsruu- topography 
is desired , the dielctric must somehow be planarized. For saffldenfly mall visa AH plnvlia* 
ih»tti>ossibtebyaiiumbertf Bom approaches 

pmcrn D2 by a dielectric etch, which should not muck the imderlytag Dl. An intermediate 
layer b needed as the 'etch stop'. If the via* are patterned by etctung, tlie underlying i 
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Rg.4.10 The process flow far LI Ml Dl D2L2M2. (a) Hist a layer of photoresist b Bat- 
tened by a dirk-field via mask, (b) Then Ml is deposited dtber by adectivTdeposition orby 
Itf-off, followed by the resist removal process, (c) A single deposition with the necessary 
planamation puts down bath the Dl and DL (d) The dark-fleld metal mask is wed tali 
lithography and an etching step transfers me patterns through DL (e) M2 is also deposited ei- 
ther by selective deposition or by lift-off. 
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patterns should not be attacked. It is also recommended to deposit a btrrier layer after the pre- 
vious M2 layer as the "etch stop'. (A)U Ml Dl D2L2M2 

First t layer of photoresist is patterned by t dark-field via mask ( Hgv4.10(a)), and then 
Ml is deposited either by selective deposition or by lift-off, followed by fl» resist removal 
process ( HgAKXb)). A single deposition with the necessary fl a iwli a rton pots down both 
Dl and D2 ( Rg.4.10(c)). The dark-field meal mask is used In 12 Bfcognpby sndsnetcmni 
step tnmsfos the patterns through D2 ( Rg.4.10(d)). M2 is also deposited either by selective 
deposition or by Bft-off ( Rg.4.10(e)). 

The firet pan of the process uses additive patterning to form the pfllan. The d ep os it io n 
of M2 is just Ihe "buried" metal process already discussed (12,15-16). In tUs process Dl 
needs to be plsnarized instead of D2 and can be a potential problem when several layers of 
metal are needed. The planarization of Dl is easier than D2 because in most cases vias have 
only one size, and a specific planarizadon process ( such as bias-sputtered quartz ) can be 
designed to take care of this problem. 

(B)MILI DID! 12 Ml 

This case differs from die previous one only in die sequence of forming the via-pfflan; m 
this case a simple deposition and etching forms the viae. It has been reported by several 
author* under various names such as "pfflar" or "stud" [13,14]. All other comments from the 
last case ndM troe for this process. A further possible complication arises to the need for 
selectivity in etching Ml; different metals would be preferred such that M2 has a low etch rate 
in the etchant for Ml. 

AAS Process (5), Ml D1M2D2 

Tins is the last case being discussed. Ml is deposited before Dl, thus LI before Dl. 
Similarly the fact that M2is before D2 leads to L2 before D2. Each patterning process ( LI 
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Rg.4.11 The process flow for Ml LI D1D2L2M2. (1) Ml is depostedby 
tion first, (b) The brigm-field via mask «nd a metal etching step patxem tte flm. (f)A«ngte 
deposition with planarization is used forDl and D2. (d) L2 uses a dark-field metal mask and 
an etching process to partem D2. (e) M2 is deposited by in additive patterning process. 
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or L2 ) can be diner before the meal deposition ( LI Ml or L2 M2 ) or after It ( Ml LI or 
M2L2). There ire ta total four cijes to study: 

LI Ml Dl L2 M2 D2 
M1L1D1L2M2D2 
UM1D1M2L2D2 
M1L1D1M2ED2 

A careful examination of these four cases reveals that there are actually two processes, LMD 
jmd MLD, for the two regions (land 2). We will examine these two basic processes Instead 
of the four individual cases. 

The LMD process is shown in RgvUZ A layer of resist is patterned by the darfc-field 
mask ( Rg.4.12(a)). followed by the deposition of die metal fflm using selective deposition or 
lift-off ( Hg.4.12(b)). Then the dielectric film is deposited wJ» the needed p l a n a ri TiW io n pro- 
cess ( Rg.4.12(c)). The MLD process puts down the metal film first ( Fig.4. 13(a)), and men 
the bright-field made lithography and the etching step pattern the metal film ( Hg.4.13(b)). 
The dielectric film is deposited and pJananzed ( Hg.4.13(c)). 

The Ml LI Dl M2 L2 D2 process is the standard pflhu process reported by Siridn (13) 
and Welch [14]. AD the other processes are Just variations of the pillar process by replacing 
one or both of fix subaactive metal patterning to an additive process. All die four processes 
require pitnarizanon for both PI and DZ. The topography is severe and Ac complexity high 
as the the number of metallization layeis increases. If die MLD process is used for the via 
patterning, a buffer layer is needed after die previous L2 layer is deposited. 

4.1.6 Comparisons of the MetaDization Schemes 

All the 13 cases discussed before are compared in Table 42. nasalization is one of foe 
key indicators in this comparison because a process requiring fdanarizadon cannot be used to 
eonstiuct a metallization process with more than three or four layers of metal films. The depo- 
sition methods for both Ml and M2 are also listed in this table. 
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Fig.4.12 The process flow for L M D. (a) A layer of resist is patterned by the daik-fidd mask, 
(b) The metal is deposited by selective deposition or lift-off. (c) Tic dielectric film is deposit- 
ed with the needed penalization process. 
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Pig 4 13 The process flow for M L D. (a) The meal film is deposited by a blanket deposition, 
(b) The bright-6eld mask lithography and the etching step pittem the meal film (c) The dielec- 
tric film is deposited and planaiizcd. 
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Aicmbesemfhm!hetaMe,iiierereon!yf^ 
require any fonn of pUnftrizatioo. Tbe cam of Hg.4.10 nd 4J1 «e almost as aiuaulvt emce 
Dl pJanarizatkm is more easily accomodated Ttey wOD be diacmed in mate detail la aection 
4.4. 



Table 42 Conparisoo of the 13 Cam 



Kg. 


Possible Pcnnutttionf 


Ml deposited by 


deposited by 




43 


D1L1L2M1M2D2 


Blanket or Selective 


Selective or Lift-Off 


B 


4.4 


D1L1M1L2M2D2 


Selective or Lift-Off 


Selective or Lift-Off 


B 


AJ5 


DILI Ml M2L2D2 


Blanket 


Blanket 


B 


4.6 


DILI Ml D2L2M2 


Selective or Lift-Off 


Selective or Lift-Off 


C 


4.7 


Dl D2L2L1 Ml M2 


Selective or lift-Off 


Selective 


CB 


4J 


Dl D2 L I L2 Ml M2 


Selective 


Selective or Lift-Off 


C 


45 


D1D2L1M1L2M2 


Selective or lift-Off 


Selective or Lift-Off 


CB 


4.10 


LI Ml Dl D2 L2 M2 


Selective or Lift-Off 


Selective or Lift-Off 


AJC 


4.11 


Ml LI Dl D2 L2 M2 


Blanket 


Selective or Lift-Off 


AjCJD 


4.12 


LI Ml D1L2M2D2 


Selective or Lift-Off 


Selective or Lift-Off 


A3 


4.12&13 


M1L1D1L2M2D2 


Blanket 


Selective or Lift-Off 


A3J> 


4.12&13 


LI Ml D1M2L2D2 


Selective or lift-Off 


Blanket 


A3 


4.13 


M1L1D1M2L2D2 


Blanket 


Blanket 


A34> 



Comments. A: Dl needs planarization. B: D2 needs planaiizatian. C Selective dielectiic etch 
is leqmied D: Selective metal etch is required. E: Exceedingly Wgfa aspect 
ratio far via filling. 

For most cases that do not requite planarization, a selective deposition or a lift-off pio- 



cessls neededfor metal dqxxsWo^ Tl« lffl^off approach rcquiwri directional deposition for 
metal film. Evaporation can be csed for most applications except the Ml deposition in Fig.4.7 
and Hg.4.9, in which the aspect ratios arc exceedingly high. A discussion of one possible 
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.elective depc^ncmrrjetbo^ 

emphasis oo the wtfUatau in the nrtWle^ teen»Kdkm 



4-2 Bectrolm Plating as a Selective Deposition 

Selective deposition pott down *e dedied to ooto • ^dflc b« not ooto oflier 
area. E^ rr 1 ** of selective deposition processes ere selective tungsien end ekc t r o kss plating. 
The elective tungsten process is under intensive commercial development. It b reviewed in 
section 11 «i>d wffl not be repealed berc. The electroless plating tfPd,b^ 
discassed in this section as alieroaiive ■elective depos iti o n processes. 

The chemical vspor deposition ( CVD ) process deposits the desired film ftom a gaseous 
worcematmrreratureusuaty^ 

desired metal film from aqueous solution at a temperature typically between CTC Mad 100*C 
The plating solution consists mainly of the desired metal ions, reducing agents ( eg. dimetby- 
lamine bonne ) and buffer chemicals. The dectrokss plating process can be summarized by 
the following reactions [17]: 

RH-+R + H. C3) 
R + OH"-»ROH + e~ W 
H + H-mj (5) 
H + OH" -+ HjO + e" (6) 
M^ + ne--+M 0) 



Where RH represents the reductama. The electrochemical requirements for deposition are, first, 
die oxidation potential of the reductase's ( reaction (4) ) is mm negative than the reversible 
potential of the metal to be deposited ( reaction 0) X second, the metal has enough catalytic 
activity for the anodic oxidation to take place at a reasonable rate. The second reom^ement can 
be met by varying the PH values and the temperature of the solution. The first requirement 
can be discussed with the potential ( E» ) for the anodic oxidation of reductants on different 
metals in Table 43 [17]. 
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Hie reversible potential of metals in the ampkxtOi&imvKi In tocttaaititniiMiat 
processes lit usually in the range from -0.65V to -0.45V ( SCB ) [18). Any pofcntials in Table 
4.3 mcie negative than -Oo^fodk^tlies^ M 
and Pd can be deposited m most sdiittaa except HCHO. Q» cm be deposited at me highest 
rate in HCHO ( most negative E* ). NaBH4 can be used to deposit all the metals listed. 
Table 43 The Potential ( B* ) fbr the Anodic Oxidation of 
Kedudants on Different Metals at 1.0xKT 4 A/an J . 



Redoctants 


Metal _ 


E* ( vi. SCE ) 


NaHjPOj 


An 


-0982 


M 


•0935 




Pd 


•0910 




Co 


-0854 




Pt 


-O300 


HCHO 


Co 


-O906 


An 


-O770 




Af 


-0675 




Pt 


•0508 




Pd 


-0.464 




M 


0366 




Co 


0450 


NaBH« 


M 


-1.190 


Co 


•1.180 




Pd 


-1.136 




Pt 


"0983 




An 


-0350 




Ag 


-0332 




Co 


•0761 


DMBA* 


Ni 


-0366 




Go 


•0332 




Pd 


-0766 




An 


•O650 




Pt 


-0633 




Ag 


41365 


NHjNHj 


Co 


•0940 


Ni 


-0371 




Pt 


-0.800 




Pd 


4X797 




Co 


-0356 




Ag 


•0.460 




An 


41.413 



* Dimethyiitmine bonne 
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In moat applications, the areas to be deposited on usually go through an solvation pro- 
cess, in which a catalytic fifan is deposited oo the surface first. Pd is the most widely need 
material in the activation step. The dectndess plating processes for Fd, YB, Qi and An, 
together with toeir apfiications in the I n rn rn m rrrto n tedmotogy wffl be discussed briefly. 

Pd deposition b needed in most activation steps and the process can be extended to fin 
the vias,bia the resistivity o^ 

connect layer. Eectroless-plated Nl has been proposed to fill the vias [10]. Ni requires N 
activation and also has a relatively Ugh resistivity ( Pm - fi.84jiO-cm X Both materials are 
attractive in vis filling ( for a Ijtm deep and lpm square vias. - 0.1 1Q for Pd and O07 
CI for Ni ) snd neither process attacks photoresist (PH< 11 for both cases ). 

Co is extremely attractive as an alternative conductor material due to to low resistivity ( 
pc ■* L67|iO-cm ) and to expected Ugh electromigratioo resistance. Etectrokaa-plated Co 
has fine grains ( the grain size is about 0.1 - 03fdn ) [23] snd can be used at inter con n ect s in 
high-resolution VLSI dxcoits. But the potential corrosion problem and toe Ugh diffoshrity in 
oxide must be dealt with. Au is possibly less desirable because present dectndess plating 
solutions start to decompose after usage [19], the thickness is limited to 025ym [20], and the 
grain size is too large (dose to lpm) [21 J. 

The LOPED process can be easily modified to accommodate dectrolcss plating. Instead 
of depositing the thick film ( R*23(c)), a tUn conductive film is deposited and patterned by 
the same process. This thin film, usually thinner than <U|tm, can be either the catalytic 
material ( Pd ) or another conductive film (or films) to be activated later. For example in Co 
deposition, a Tl film can be deposited and subsequently activated [211 

43 A Planarized Metallization Process Example 

In tiiis section a metallization process Oat can result in a completely planarized surface 
after die metal deposition and patterning is discussed and demonstrated experimentally. We 
focus on metal M2. The via-fiHing process wffl not be discussed since several methods have 
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been demonstrated, fucb as tbe tungsten plugs [9] aid the dectroless plating process HOJ. The 
plunrizcd interconnect process is discussed much less in die literature compared to the via- 
fiDing process, and only a few boned metal processes have been described [15,16], In this sec- 
lion we discuss a buried metal process utilizing lift-off ( LOPED ) and SOO pimariatfon [16J. 

Once a surface topography is crested, it is extremely difficult to pianarize the surface 
sgain without severely limiting die design roles ( e* limited to a maximum metal space or a 
maximum metal width ) as discussed in section 4.1. The only way to achieve complete planar- 
by is to avoid the creation of topography. With the assumptions of tbe previous discussion, 
the only possible solution is D2 L2 M2 and its variations ( Rg.4.6 - 4.11 ). Hie process flow 
for D2 L2 M2 is repeated in Rg.4.14. The LOPED lift-off process is used to pattern the meal 
film, and an additional step ( RgA14(e» of applying a SOO film to smooth the remaining sur- 
face roughness is used. 

After the vias are filled* a PECVD oxide film is deposited to between 0.8pm to 1.0pm 
thick. A layer of photoresist is coated and patterned by a dadc-fidd metal mask on the oxide 
film( Hg.4.14(a)X A LAM plasma oxide etcher transfers the resist patterns into die oxide ( 
Rg.4.14(b)), followed by a sputter-deposition of an AMftSi film in the CPA system ( 
Rg.4.14(c)). The LOPED process is used to lift the resist and the excess metal film ( 
Rg.4.14(d)X The process is completed by coating and curing a 200 nm SOG film over tbe 
surface (Rg.4.14(e)). 

Examples of the cross-sections are shown in Rg.4.15. Two buried metal pattens 
separated by l'jtyun ( Rg.4.15(a)) demonstrate the potential high-resolution of this process. 
Tbe surface is flat after tbe SOG process as can be seen from both Flg.4.15(a) and Hg.4.15(b). 
With this process; the topography generated by the metal process is limited to that portion not 
compensated by the SOO film. The principle source derives from inability to deposit metal 
precisely to a thickness equal to the trench depth. 



4.4 Some Future Work 
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Re4 14 H>e process flow of a completely pltnarized mct al Hi a ri o n process, (i) A tayer of 
pi&resi?S £Se7and patterned by a dtrk-fieM meal nu* after the J***"*^ f£n 
oxhfcfibn. (b) An oxide etcher trsnsfere the resist patterns into the ^J^J^^S" 
is srama-deoosiled. (d) The LOPED process is osfcd to remove the resist and the excess metal 

face. 




fig.4.15 Examples of the buried metal process, (a) Two metal pattens ( dadc legions ) ate 
separated by 1.0jun. (b) With a smaller magnification the planarity of the process is more evi- 
dent. 
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b triU eectlon, soiieof ftenatn^ 
Referrmg » abk 4^ cany toe caaes from FlfA6 to FJgA9 do not recmbe pJnarfxrfoo and 
canbe exusidedlo mon tfanflmor fml«3>en. The Dl Ml D2 M2 approach ( BgA.6 ) 
can limply repeat the DLM process mtaf LOPED or etetrokss lasting. The LOPED 
approach was presented in the last section: the ekctrokss plating approach needs only slight 
modification to the LOPED process as presented a section 42. The cases of Rg.4.10 and 

iep^ Dl pJsnsiiatioa If fl»e ^ •» 
ipotttrtid quartz or spin-cc glass can planarize toe topography after via fining. Then the buried 
metal process m section 43 can be used to 
M2 case ( Rg.4.7 to 4S ) wffl be discussed. 

Referring to Fig.4.7, Ml can be deposited by HtVoffor selective deposition. If lift-off is 
used, the high aspect ratios for the viss after LI ( Fig.4.7(c)) demands en extremely directional 
deposition to Ml. Selective deposition is kss sensitive to aspect ratio. In toe deposition pro- 
cess the LI lesMUrieeded to cow tne metal pattern are^ 

process below ). md the selective deposition process should not attack the resist. The electro- 
less plating processes to Ni and Pd have a PH value between 6 and 9. and are preferred to 
Ml deposition. 

M2 can only be deposited by e selective deposition process because the patterning 
medium noes not exist during toe process ( HgA?(d)), For the deposition to be selective, the 
a*«towbiel£fltfin^^ »«* 
case, both the -pattern' and ^-pattern- areas are the D2 dielectric mm. and some process is 
needed after L2 "before LI to differentiate toe pattern areas. If the electn^ plating i»rocess it 
used, either a torn conductive film can be deposited er ne suffice can be activated by PdCfe 
solution after L2. The actual deposition process to M2 should not start prior to toe comple- 
tion of Ml deposition; otherwise, a topography about toe depth of the vias may be created at 
the center of vias. The deposition is prevented by covering these metal partem areas by LI 
resist After both Ml and M2 are deposited, a SOG film can aid in smoothing the leniaining 
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Hg.4.16 The potential difficulty with the Dl D2 LI L2 Ml M2 process. After LI opens the 
via through both Dl and D2, the L2 etching may undercut the Dl under the tatetiayer 
between Dl and Dl It is exceedingly difficult to fill the areas under the oveihang in the M 1 
deposition step. 
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surface roughness. 

In the process described by Flg.41, the L2 patterning step ( Hg.4.8(c)) requires ears 
are. As shown in table 4.2, a selective etching is needed between Dl and D2, or an "etch 
stop" is needed in between. If the L2 etching is not purely vertical an cndcrinMe overhang of 
the intermediate material may be created ( Hg.4.16 X A confonnal deposition for Ml is 
desired to fin the space under foe overhang. Electrokss piling is known to be exceedingly 
confonnal and is preferred in this case. Hie approach of using one deposition f v both Ml and 
M2 ( Hg.4.8a t b f c f e ) may lead to topognpby formation over the vias. This topography is 
likely to result in step coverage problem for the following depositions. 

The Dl D2 LI Ml L2 M2 approach as in Hg.4.9 is straightforward and repetitive for Ml 
and Ml Here the dectrokss plating is also desirable for Ml and either LOPED or electndess 
plating can be used for ML 

Item the previous discussion, it is concluded that in order to achieve more than three or 
four layers of metal films, the dielectric film must be deposited before the metal film, and a 
selective deposition process should be used to deposit the metal film. Electrokss plating fits 
exceedingly well into the promising approaches. 

45 Conclusion 

The multilevel interconnection technology is examined in this chapter by dividing the 
process steps into six individual pans - Dl, D2, Ml, M2, LI, and L2. Under the assumptions 
used, there are in total 13 possible ways to construct a viable process sequence for each metal 
layer. Among all the possible ways, only four of them do not require planarization and are 
proposed as foe most promising proce ss es lor VLSI and beyond. Two other processes require 
planarization for the vias. If the vias are small enough to be planarized easily, these two pro- 
cessed can also be used for die future. 

AH of the six processes require either selective deposition or lift-off to pattern die vias 
and die interconnects. Electrokss plating is di trusted as a low-temperature selective depo&i* 
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tion process. Bectrokss-plsted Pd and Ni aie found to be suitable for via-Ming, whOe 
ekctrokssidsfcd Cu is well suited as the main interconnects material. 

An of the six promising processes have D2 12 M2 sequence fte the ittercooaect patterns. 
Three of them can use lift-off; or LOPED, to pattern ML It is shown that the combination of 
LOPED and SOG can provide an extremely flat surface and high resolution for the metalliza- 
tion process. 
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